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NOTICES 


This  report  has  been  reviewed  by  the  Naval  Air 
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mand  or  the  Department  of  the  Navy. 
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ABSTRACT _ 


Analytical  and  experimental  research  was  conducted 
to  investigate  the  use  of  a  variable  camber,  cyclic  controlled 
propeller,  In  combination  with  a  partially-tilting  wing  with 
full-span  flaps,  to  permit  V/STOL  aircraft  operation.  These 
features  were  incorporated  in  a  full  scale  experimental  air¬ 
craft  designated  the  K-16B.  This  aircraft  was  used  to  explore 
the  feasibility  of  a  unified  propulBion-control  system  designed 
to  reconcile  the  conflict  between  the  requirements  of  static 
thrust  in  hover  and  high-speed  propeller  efficiency,  and  to  pro¬ 
vide  helicopter-type  control  in  hover  without  the  need  for  auxi¬ 
liary  control  devices.  This  is  accomplished  by  trailing  edge 
flaps  in  the  blades  of  the  propeller.  Collective  deflection 
of  these  flaps  1  creases  blade  camber  for  high  static  thrust. 
They  are  retracted  in  forward  flight  for  a  clean  crulslng-blade 
profile.  Cyclic  deflection  of  the  flaps  furnishes  control  mo¬ 
ments  in  hover .  The  system  was  investigated  on  ground  bench 
stands  and  in  full-scale  powered  model  tests  of  the  K-16B.i» 
the  NASA,  Ame6  Research  Center,  20  x  80  foot  wind  tunnel. 


The  configuration  tested  proved  to  have  insufficient 
thrust  for  vertical  flight  as  its  instrumented  test  gross  weight; 
lateral  and  directional  control  power  was  deficient;  severe  visg 
and  horizontal  tail  stall  were  encountered  in  portions  of  the 
transition  region;  and  „  number  of  detail  design  deficiencies 
became  evident.  For  these  reasons,  flight  tests  were  not  con¬ 
ducted.  Data  from  the  wind-tunnel  tests,  however,  served  to 
validate  methods  of  analysis  developed  during  the  program,  and 
the  final  methods  shew  good  correlation. 

This  report  presents  the  data  and  the  methods  and 
correlations;  describes  the  testing  performed  and  the  problems 
encounteres;  and  shows  the  probable  solutions  to  the  problems 
encountered . 

It  is  concluded  that  the  propulsive  rotor  is  a  fea¬ 
sible  concept  for  propeller-driver  V/STOL  aircraft,  offering 
a  unique  combination  of  advantages  for  propulsion  and  control, 
of  such  aircraft;  that  a  practical  and  effective  rotor  could 
probable  be  developed  using  the  research  data  and  methods  of 
analysis  developed  in  this  program. 
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INTRODUCTION 


Information  about  the  hover  and  transition  stabil¬ 
ity  and  control  characteristics  of  V/STOL  aircraft  that  have 
flown  is  sparse  and  closely  guarded.  But,  it  has  been  offi¬ 
cially  acknowledged  that  all  V/STOL' s  that  have  flown  have 
exhibited  control  and  stability  deficiencies,  and  that  pro¬ 
peller  driven  V/STOL' s  have  also  been  wanting  in  static 
thrust.  A  description  is  presented  of  a  V/STOL  aircraft 
research  program  that  demonstrates  a  unified  propulsion- 
control  system  that  resolves  many  of  the  difficulties. 

A  propeller  can  be  an  efficient,  unified  propul¬ 
sion-control  unit.  But  success  using  a  conventional  propel¬ 
ler  is  illusory.  V/STOL  experience  has  shewn  the  conven¬ 
tional  propeller  to  be  an  inefficient  static  thrust  producer. 
When  the  propeller  is  designed  for  static  thrust  require¬ 
ments,  the  same  experience  shows  that  cruise  efficiency 
suffers.  Adding  blade-pitch  cyclic  control  makes  matters 
worse.  Hover  cyclic  control  requires  cyclic  lift,  but  con¬ 
trol  is  limited  by  blade  stall  if  conventional  propellers 
are  used.  This  becomes  apparent  if  a  blade-section  lift 
curve  is  pictured.  In  hover,  the  blade  will  be  very  highly 
loaded,  and  the  mean  lift  coefficient  will  be  at  a  point  on 
the  curve  that  is  very  near  stall.  Cyclic  control  will  call 
for  additional  lift,  which  will  cause  the  blades  to  stall. 

Of  course,  the  mean  lift  coefficient  can  be  backed  down  the 
curve  to  provide  a  margin  for  cyclic  lift,  but  there  will  be 
an  accompanying  decrease  in  static  thrust  capacity. 

A  high-lift  device  in  a  propeller  wi  1  give  addi¬ 
tional  mean  lift  coefficient  in  hover  and  reduced  coeffi¬ 
cient  in  cruise,  permitting  the  propeller  to  satisfy  both 
ends  of  the  speed  spectrum.  But  this  is  only  a  partial  so¬ 
lution.  For  example,  it  is  desirable  to  eliminate  a  tail 
rotor  and  its  recognized  disadvantages  of  lift/nitch 
coupling,  high-frequency  vibration  induced  in  the  structure, 
and  the  high  maintenance  cost  of  the  drive.  The  high-lift 
device,  then,  must  also  provide  for  control  analogous  to 
helicopter  control.  It  can  provide  this  control  without 
stall  because  of  its  ability  to  furnish  increased  lift  co¬ 
efficient  . 
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Our  approach  to  a  high-lift  device  is  trailing 
edge  flaps  in  the  blades.  Collective  deflection  of  them 
provides  variable  camber,  rosolving  the  conflict  between 
static  thrust  in  hover  and  propeller  efficiency  in  fixed- 
wing  flight.  Cyclic  deflection  of  the  flaps  results  in  cy¬ 
clic  lift  control  in  a  manner  duplicating  the  hovering  con¬ 
trol  of  a  helicopter.  For  cruising  flight,  the  propeller 
provides  thrust  in  a  conventional  manner  with  the  blade 
flaps  undeflected. 

The  concept  has  been  incorporated  in  a  twin  pro¬ 
pulsive-rotor  (cyclic  propeller),  partial-tilting-wing , 
V/STOL  amphibious  airplane  designed  to  applicable  Military 
specifications  lor  both  Class  VU  and  helicopter  structural 
and  flying  qualities.  Under  Bureau  of  Naval  Weapoi  Con¬ 
tract  NOa(s) 56-549c ,  we  conducted  intensive  researcn  of  the 
approach,  using  a  modified  JRF-5  airframe  which  was  redesig¬ 
nated  as  the  Model  K.-16B.  The  tilt-wing  accommodates  sym¬ 
metrically  disposed  powerplants,  each  driving  a  propulsive- 
rotor.  The  rotors  are  interconnected  to  prevent  asymmetric 
thrust  in  the  event  of  a  one-engine  failure. 

Correlation  of  data  from  ground  stand  and  full 
scale  wind  tunnel  testing  confirms  the  propulsive-rotor  to 
be  an  efficient  propulsion-control  assembly.  The  testing 
illuminated  several  mechanical  problems,  principally  with 
oscillating  bearings  in  the  blade-flap  control  system.  But 
the  solutions  are  in  hand  with  a  redesign  of  the  control 
system  geometry,  and  with  the  development  of  high-capacity 
self-lubricating  bearings  and  elastomeric  bearings.  Though 
the  answers  to  many  questions  are  now  known,  the  develop¬ 
mental  implementation  of  second  generation  V/STOL  aircraft 
such  as  the  XC142  and  the  X22  caused  funding  limitations 
that  prevented  flight  research  with  the  K-16B. 

This  report  presents  details  of  conception,  re¬ 
search,  and  evaluation  of  this  V/STOL  design,  along  with 
actual  or  recommended  solutions  of  problems  that  arose. 
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HISTORY  AND  PHILOSOPHY - 

_ OF  DEVELOPMENT 


CONCEPTION 


Controllability  of  the  VTOL  at  low  speeds  must  be 
comparable  to  the  helicopter  if  it  is  to  maneuver  effectively 
near  the  ground.  precise  spot-hovering,  particularly  in 
gusts  and  winds  up  to  30  knots,  compounds  the  problems  of 
adequate  hover  control.  Further,  the  conflict  between  pro¬ 
peller  performance  requirements  for  hover  and  for  fixed-wing 
cruise  must  be  resolved. 

Our  V/STOL  studies  began  in  1954  and  were  con¬ 
cerned  with  the  area  of  propulsion.  But,  very  early  in  the 
study  it  was  recognized  that  operational  feasibility  could 
not  be  obtained  until  effective  controllability  in  the  hover 
and  low-speed  regime  could  be  demonstrated  -  an  area  in 
which  little  or  no  effort  was  being  applied  at  that  time. 

It  was  necessary  to  make  the  first  attempt  to  de¬ 
rive  controllability  criteria  for  the  low-speed  regime  of 
V/JTOL  aircraft.  Because  the  helicopter  was  the  only  air¬ 
craft  type  that  had  achieved  satisfactory  VTOL  control,  it 
was  logical  to  base  a  set  of  working  criteria  on  the  type. 

Discussions  with  company  test  pilots  indicated 
that  maximum  acceleration  about  the  three  body  axes  was  a 
good  measure  of  helicopter  controllability  in  hover.  This 
appeared  to  be  a  reasonable  approach  because  angular  accel¬ 
erations  of  the  aircraft  produce  proportional  translational 
accelerations  at  the  pilot's  scat  -  ar.  important  item  of 
sensory  information  used  by  the  pilot  lor  controlling  the 
vehicle.  By  plotting  maximum  angular  acceleration  in  pitch, 
roll,  and  yaw  for  known  successful  helicopters  against  gross 
weight,  a  set  of  working  criteria  was  established. 

For  representative  V/STOL  configurations  a  good 
"rule-of-thumb"  was  found:  A  maximum  pitching  moment  equiv¬ 
alent  to  that  produced  by  a  vertical  thrust  at  the  tail  of 
approximately  20  percent  of  gross  weight  is  required  in 
pitch;  10  percent  of  gross  weight  at  each  wing  tip  in  roll; 
and  6  percent  of  gross  weight  at  the  tail  in  yaw.  Obtain¬ 
ing  these  amounts  of  thrust  with  auxiliary  devices  such  as 
blowers,  engine  bleed,  jet  engines,  or  tail  rotors  appeared 
either  impractical  or  costly  in  terms  of  fuel  consumption, 
weight  penalty,  or  complexity. 
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It  was  decided  that  the  best  compromise  lor  a  sub¬ 
sonic  configuration  would  be  a  propeller-driven  vehicle  with 
a  disc  loading  between  that  of  a  normal  helicopter  rotor  and 
a  conventional  propel ’■'r.  If  range  and  speed  requirements 
are  relatively  modes  and  if  extensive  hovering  is  re¬ 
quired,  then  the  natural  choice  is  the  helicopter.  On  the 
other  hand,  if  long  range  and  high  speed  are  primary  consid¬ 
erations,  the  normal  approach  would  be  to  impart  VTOL  capa¬ 
bility  to  the  conventional  high-efficiency  airplane.  Where 
speeds  greater  than  400  knots  are  not  required,  an  efficient 
approach  is  the  tilt-wing,  propoller-drivon  configuration. 

It  is  apparent  that  the  design  of  a  control  sys¬ 
tem  concerns  first,  the  selection  of  methods  to  produce  con¬ 
trol  forces  in  their  proper  locations;  second,  the  design  of 
a  system  that  transforms  pilot  commands  into  properly  pro¬ 
portioned  actuation  of  the  control  force  producers. 

A  less  obvious  aspect,  of  hovering  control  is  that 
of  providing  translational  forces  along  the  three  body  axes. 
To  hover  the  aircraft  over  a  precise  spot,  the  pilot  must  be 
able  to  maneuver  the  aircraft  fore  and  aft,  from  side  to 
side,  and  up  and  down,  not  only  in  still  air  but  also  in 
gusts  and  winds  uj  to  30  knots.  It  is  desirable  that  the 
aircraft  be  able  to  provide  these  translational  forces  with 
a  minimum  of  angular  rotation  because  the  time  response, 
particularly  for  large  aircraft,  and  the  relative  disorien¬ 
tation  introduced  by  using  only  angular  rotation  to  produce 
translations*,  forces  increases  piloting  difficulties. 

Hence,  there  is  a  desirable  relationship  between  the  trans¬ 
lational  forces  and  the  control  moments,  in  terms  of  magni¬ 
tude  and  time  response,  for  the  aircraft  to  provide  easy 
piloting  technique. 

r>  _  1  1  _ _  1 

IUiJ.1  tUlHlUi 

of  the  right-  and  left 

An  apparently  straightforward  way  for  obtaining 
yaw  control  is  by  differential  aileron.  hut  in  ground 
effect  the  ailerons  tend  to  lose  some  of  their  effective¬ 
ness  -  as  much  as  50  percent.  Now,  from  theory  based  on  a 
25  percent-chord  aileron,  the  value  for  aileron  effective¬ 
ness  (doC/d  d)  is  0.5.  This  value  can  be  affected  by 


-hand  propellers. 


nacelle  shape,  slipstream  rotation,  or  ground  effect,  and 
might  be  reduced  to  as  little  as  0.2.  To  get  the  value  of 
0.5  in  ground  effect  the  ailerons  would  have  to  be  relative¬ 
ly  very  large.  Tail  fans  also  have  been  used  for  direction¬ 
al  control  but  have  disadvantages  both  mechanical  and  aero¬ 
dynamic,  the  latter  in  particular  in  high-speed  flight . 


-f  w. . .  n  w-i 
^  Wll  Li.  W  -X  c 
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on  a  low-winy  configuration  that  might  give  the  flap  an 
appreciable  moment  arm,  but  it  will  result  in  an  ungainly 
configuration.  A  tail  rotor  adds  mechanical  complications, 
requires  «*n  upprccinblc  tunoun t  cl  power,  rnirociuces  verti— 
cal  acceleration  coupling,  does  not  provide  fore-and-aft 
translational  forces,  and  gives  drag  in  forward  flight.  A 
jet  engine  or  a  blower  is  impractical  from  a  fuel  consump¬ 
tion  standpoint. 


A  cyclic  control  system  lias  the  advantage  of  pro¬ 
viding  control  moments  about,  and  translational  forces  along 
all  the  aircraft  axes  in  a  manner  similar  to  that  of  a  heli¬ 
copter.  Because  the  thrust  vector  is  tilted  with  cyclic 
control,  a  translational  force  that  anticipates  angular 
rotation  is  produced. 

Hover  cyclic  control  is  limited  by  blade  stall  if 
simply  added  to  conventional  propellers.  V/STOL  propeller 
blades  are  highly  loaded  in  hover  (very  near  stall) ,  and  it 

is  desirable  to  carry  even  higher  C, .  Cyclic  control  means 

cyclic  CL,  imposing  additional  burdens  on  blade  loading. 

According  to  Fay  (41),  an  invariant-camber  propeller  blade 
will  generate  .appreciable  control  power  within  the  capabil¬ 
ity  of  the  blade  without  stall  provided  that  Cj  is  compara¬ 
ble  to  helicopter  rotor  design  practice.  But  such  a  blade 
will  have  unacceptably  poor  efficiency  at  the  low  thrust 
coefficients  required  for  cruise.  Blade  trailing  edge  flaps, 

being  high  lift  devices,  give  additional  cyclic  C.  ,  addi¬ 
tional  C,  in  hover  and  reduced  C.  in  cruise  by  retraction  - 

nearer  to  best  L/D  -  and  therefore  better  efficiency  The 
incorporation  of  a  blade  flap  allows  the  selection  of  a 
blade  profile  and  activity  factor  compatible  with  the  high¬ 
speed  propeller  requirements,  but  by  collective  flap  de¬ 
flection  attain  the  higher  lift  coefficients  (because  of  the 
greater  virtual  camber)  required  for  hover  performance,  with 
ample  margin  for  necessary  cyclic  control  and  trim  inputs 
without  stall. 


To  minimize  the  cruising  efficiency  penalty  that  a 
high-activity-factor  static  thrusting  propeller  entails,  it 
is  advantageous  to  operate  the  hovering  propeller  at  as  high 
a  blade  loading  as  is  possible.  For  example,  to  satisfy 
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hovering  requirements  a  highly  cambered  airfoil  is  necessary 
to  ootain  a  high  blade  loading.  The  rapid  drop  m  required 
thrust  from  hovering  to  iorward  flight,  however,  forces  the 
propeller  to  operate  at  low  thrust  coefficients  in  cruise. 

To  operate  efficiently  at  these  low  coefficients,  a  low 
solidity  is  needed  to  keep  the  blade  loading  near  tne  maxi¬ 
mum  lift/drag  ratio  on  the  blade  section.  Variable  camber 
blades  will  resolve  these  conflicting  requirements. 

The  beauty  of  the  concept  can  be  shown  by  an  il¬ 
lustrative  blade-sect  ion  lift  curve.  In  hover,  an  invari¬ 
ant  camber  blade,  designed  for 
a  reasonable  cruise  efficiency, 
would  be  operating  at  Point  A 
on  Line  1.  Cyclic  control 

requires  additional  CL<  A  cy¬ 
clic  control  input  tben  would 
move  the  blade  over  the  peak 
into  stall.  The  mean  lift 
coefficient  will  have  to  be 
backed  off  to  Point  A*  to  pro¬ 
vide  a  margin  for  cyclic  con¬ 
trol,  but  there  will  be  an  ac¬ 
companying  decay  in  propeller 
hover  performance.  A  propul¬ 
sive  rotor,  designed  for  the 
same  cruise  efficiency,  could 
have  a  curve  represented  by 
Line  2  because  of  its  vari¬ 
able  camber  capability.  It 
would  operate  at  Point  B. 

The  trailing  edge  flap  of  the 
pi’opu Isive-rol or  biadt?  i>?  a. 
high-lift  device;  so,  a  flap 
deflection  for  cyclic  control  would  result  in  Line  3.  There 
m  no  decay  in  hover  performance,  and  there  is  an  incremental 

increase  in  CL  for  cyclic  control  to  point  C,  without  blade 

stall.  For  fixed-wing  flight,  a  propulsive-rotor  with  flap 
retracted  would  be  equivalent  to  a  conventional  propeller 
in  terms  of  geometry,  twist,  camber,  and  efficiency. 

Kaman  helicopters  have  been  hallmarked  by  their 
servo-flap  system.  A  so-called  "buried"  flap  had  been  ex¬ 
tensively  analyzed  and  flight-tested  under  Bureau  of  Naval 
Weapons  Contract  NOa(s) 52-622  and  reported  in  KAC  Reports 
T-86 (42) ;  G-43(43) ;  and  G-51(44). 


Line  3 


/< 
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Drawing  on  this  background,  a  propulsive-rotor  was 
designed  with  a  twist  distribution  for  roasonably-high-speed 
cruise  efficiency,  but  reconciling  the  conflicting  require¬ 
ments  for  cruise  efficiency  and  high  static  thrust  in  hover 
by  using  a  trailing  edge  flap  to  provide  a  variable  camber 
blade.  The  introduction  of  cyclic  lift  control  by  cyclic 
deflection  of  the  flap  presented  an  economical  system  for 
attaining  the  control  forces  and  moments.  A  flapping  blade 
was  adopted  to  reduce  the  root  bending  stresses  caused  not 
only  by  the  thrust  offset,  but  also  by  the  ono-per-rev  vibra¬ 
tory  stresses  characteristic  of  the  high  angle-of-attack 
condition  of  VTOL  and  STOL  aircraft  in  transition  flight. 

The  strip  anulysis  method  (Appendix  D)  used  for 
hovering  flight  is  conservative  when  compared  with  a  propel¬ 
ler  ox  similar  thrusting  characteristics.  Tho  reasons  are 
twofold.  The  strip  analysis  method  makes  use  of  two-dimen¬ 
sional  data  which  includes  the  effect  of  stall.  In  forward 
cruising  flight  the  method  is  good  because  the  sections  are 
operating  far  below  the  stall.  In  hovering  flight,  because 
of  high  compromise  twists,  the  inboard  sections  are  operat¬ 
ing  at  an  angle-of-attack  beyond  which  stall  would  occur  in 
two-dimensional  flow.  But  on  an  operating  propeller  a 
strong  radial  pressure  gradient  exists  due  to  higher  veloc¬ 
ities  at  the  outboard  stations.  The  spanwise  pressure  gra¬ 
dient  produced  by  rotation  has  the  effect  of  sweeping  the 
boundary  layer  outboard  toward  the  tip.  It  thus  postpones 
the  stall  at  more  inboard  stations.  On  a  model  propeller, 
the  maximum  lift  at  the  80  percent  radius  station  was  in¬ 
creased  by  approximately  30  percent  as  a  result  of  this 
boundary  layer  thinning  (Himmelskamp  -  45).  In  addition, 
when  blade  stall  proceeds  toward  the  tip,  a  tip  vortex 
sheet  is  produced  which  increases  blade  lift  and  drag 
(Kucheman  -  46) . 

No  method  has  been  found  for  relating  the  strength 
of  these  vortex  sheets  to  the  tip  angle-of-attack  and  load 
distribution;  therefore  they  arc  not  accounted  for  in  the 
two-dimensional  strip  analysis.  Because  the  effect  of  the 
natural  boundary  layer  control  on  the  inboard  sections  is 
not  taken  into  account  in  the  present  analytical  method,  the 
calculated  results  are  conservative. 


The  analytical  predictions  were  so  encouraging  the 
Bureau  of  Naval  Weapons  awarded  Contract  NOa(s) 56-549c 
(February  1956)  to  continue  the  research.  In  view  of  the 
unique  nature  of  the  concept,  the  Bureau  elected  to  design 
the  program  in  phases. 
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The  first  phase  was  designed  to  substantiate  the 
predictions  with  a  feasibility  model.  A  prototype  3-bladed 
rotor  of  14-foot  diameter  with  buried  flaps  of  approximately 
50  percent  chord  and  50  percent  blade  span  was  tested  on  a 
helicopter  whirl-test  stand.  The  investigation  covered 
ranges  of  collective  flap  deflection  to  tncreaso  static 
thrust,  and  cyclic  flap  deflection  to  obtain  control  forces 
and  moments.  The  results  of  the  tost  concurred  with  the 
analytical  methods  developed  for  predicting  aerodynamic  and 
aeroelastic  characteristics  of  a  propulsive-rotor. 

This  feasibility  test  experimentally  established 
the  validity  of  the  hypothesis,  but  at  relatively  low  levels 
of  power  and  speed.  Consequently,  the  contract  was  amended 
(January  1957)  to  authorize  a  more  sophisticated  ground  test 
stand  evaluation. 

Obtaining  a  balance  between  the  power-installed 
requirements  for  cruise  and  those  for  hovering  is  an  impor¬ 
tant  function  of  V/STOL  design.  Amongst  the  various  V/STOL 
configurations,  the  tilt-wing  presents  a  unique  opportunity 
for  obtaining  the  desired  balance  by  virtue  of  its  freedom 
to  select  a  wing  of  nearly  or  actually  optimum  loading. 

If  the  vertical  lift  at  zero  forward  speed  is  pro¬ 
vided  by  slipstream  turning  the  resultant  force  is  less  than 
the  thrust  of  the  propeller;  that  is,  there  is  a  turning 
loss  and  the  loss  must  be  made  up  with  more  thrust  from  the 
propeller.  On  the  other  hand,  if  the  vertical  lift  is 
obtained  by  tilting  the  wing-propeller  combination  through  a 
right-angle,  wing  stall  problems  in  transition  can  become 
acute.  From  parametric  studies,  it  appeared  that  a  combina¬ 
tion  of  the  two  principles  should  be  adopted. 

In  the  K-16B,  a  Fowler  flap  is  deflected  40  de¬ 
grees  to  deflect  the  slipstream  20  degrees.  Consequently, 
the  wing  need  be  tilted  only  enough  to  make  up  the  remaining 
70  degrees.  Fuselage  angle,  both  on  the  ground  and  in 
flight,  can  be  a  portion  of  this  latter  angle.  The  20  de¬ 
grees  of  slipstream  turning  can  be  accomplished  with  a  mini¬ 
mum  of  turning  loss.  Because  the  wing  flap  deflects  the 
slipstream,  the  wing  attitude  angle  required  to  sustain  the 
aircraft  in  equilibrium  at  a  particular  speed  is  lower  than 
without  flaps.  The  wing  resultant  angle-of -att ack  conse¬ 
quently  is  lower,  which  reduces  transition  stall  problems. 

Another  factor  influencing  the  choice  of  tilt-wing 
and  flap  configuration  is  the  longitudinal  trim  character¬ 
istics.  The  large  flaps  of  a  deflected  slipstream  vehicle 


cause  a  large  nose-down  pitching  moment.  The  propeller 
normal  force  of  a  tilt-wing  conf igurat ion  results  in  large 
nose-up  pitching  moments.  The  K-16B  combines  both  to  mini¬ 
mize  the  out-of-trim  moments  to  bo  overcome  by  the  controls. 

Finally,  the  flapped  wing  a  fiords  reasonable  power- 
off  stalling  speeds  in  conventional  airplane  configuration. 

A  twin-engine  utility  airplane  in  the  9000  pound 
class  was  blocked  out.  Turbine  engines  in  the  1000-hp  range 
being  required,  suitable  rotor  and  drive  systems  were  de¬ 
signed  and  fabricated.  In  addition,  a  half-spun  wing  fitted 
with  40  percent  Fowler  flaps,  nacelle,  and  cowling,  designed 
to  Specification  MIL-A-8629  Class  VU,  was  built. 

These  components  were  installed  on  a  test  stand 
that  was  appropriately  floated  on  loudeells  to  permit  meas¬ 
urement  of  the  six  components  of  force  and  moment  for  the 
doterrainat ion  of  controllability,  thrust,  and  lift  perform¬ 
ance.  Additional  instrumentation  permitted  a  strain  survey 
of  the  blades  and  hub,  and  measurements  of  blade  motions, 
blado/flap  hinge  moments,  and  control  inputs.  The  program 
also  evaluated  the  degree  of  slipstream  deJ lection  by  the 
wing-flap,  rotor/uing  slipstream  interference,  wing 
straightening  effoct,  and  effect  oi  ground  proximity. 

Again  results  were  in  general  accord  with  the 
hypothesis,  although  they  did  disclose  areas,  both  in  analy¬ 
sis  and  design,  that  required  modification.  These  problems 
and  their  solutions  are  discussed  in  the  "Test  Article 
Development"  section. 

During  the  closing  stages  of  the  test  program, 
analysis  of  data  indicated  that  either  further  experimental 
results  would  continue  to  agree  with  theory,  or  the  required 
modifications  to  analytical  techniques  were  known.  With  the 
successful  conclusion  of  testing  expected  in  the  near  future, 
the  contract  was  again  amended  (June  1998)  authorizing  a 
flight  research  vehicle. 


FLIGHT  RESEARCH  AIRCRAFT 


The  purpose  of  this  aircraft,  known  as  the  K-16B, 
was  to  provide  a  vehicle  that  would  assist  the  Bureau  of 
Naval  Weapons  in  the  estab lishraen t  of  both  flying  qualities 
and  structural  specifications  for  the  coming  generations  of 
V/STOL  aircraft.  To  provide  for  a  reasonably  thorough  as¬ 
sessment,  a  considerable  degree  of  flexibility  must  be  in¬ 
corporated  into  the  various  systems.  A  structural  flight 
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envelope  approaching  liiai  of  operational  aircrait  must  also 
bo  provided.  Both  objectives  have  been  met  in  the  K-16B. 


In  the  interest  of  economy,  the  Uuroau  furnished  a 
surplus  JRF-5  fuselage  to  be  modified  lor  V/STOL  operation. 
Because  this  is  an  amphibious  fuselage  with  known  hull 
characteristics,  an  additional  advantage  accrued  to  the 
ovorall  program  in  that  a  qualitative  assessment  of  V/STOL 
opon-ocoan  oporation  could  be  made. 

A  description  of  the  structure  and  systems,  and  a 
summary  of  the  principle  design  dimensions  will  be  found  in 
Appendix  B.  The  general  arrangement  is  shown  in  Figure  1. 

The  authorization  to  proceed  with  the  K-16B  also 
called  for  dynamic  substantiation  of  the  rotor  and  of  the 
power-and-drive  system.  Normally,  the  analytical  treatment 
Is  substantiated  by  separate  bench  stand  tes  ing  ol  the 
components  before  they  are  brought  together  for  systems 
dynamic  substantiation.  Considerable  economies  can  be  real¬ 
ized  by  moving  immediately  to  a  qualification  test  of  the 
complete  system  without  prior  component  testing.  But  this 
ontails  a  calculated  risk  -  if  one  component  fails  the  fail¬ 
ure  may  be  catastrophic,  and  at  the  least  will  delay  work  on 
the  entire  system.  However,  in  view  of  the  limited  funding, 
the  endurance  stand  was  designed  to  qualify  both  the  com¬ 
ponents  and  the  complete  system  at  the  same  time. 

Subsequent  to  the  authorization  of  the  flight 
vehicle  the  decision  was  made  to  perform  a  full-scale  wind 
tunnel  evaluation.  After  functional  tie-down  testing,  tho 
airplane  was  shipped  to  NASA,  Ames  Research  Center,  for 
testing  in  the  40  x  80  foot  wind  tunnel . 


f  1  it 
* 


analyses  and  tests  that  evaluate  the  ability  of  the  K-16B  to 
safely  perform  within  the  prescribed  flight  envelope.  An 
analysis  of  the  full-scale  wind  tunnel  data  will  be  found  in 
a  later  section.  In  the  section  "Test  Article  Development" 
are  reviewed  a  number  of  problems  that  arose  and  their  solu¬ 
tions,  and  problems  that  remain  and  their  probable  solutions 
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ANALYSES  AND  TESTS 


The  first  phase  of  the  propulsive-rotor  research 
was  designed  to  correlate  analytical  predictions  with  tests 
of  a  feasibility  model.  A  prototype  3-biaded  rotor  of  14- 
foot  diameter  with  50  percent  chord  and  50  percent  blade- 
span  buried  flaps  was  tested  on  a  helicopter  rotor  whirl- 
test  stand.  This  test  set-up  is  shown  in  Figure  2.  The  in¬ 
vestigation  covered  ranges  of  collective  flap  deflection  to 
increase  static  thrust,  and  cyclic  flap  deflection  to  obtain 
control  forces  and  moments. 

The  results  of  the  test,  presented  in  KAC  Report 
0-90(1) ,  concurred  with  the  pre1iminary  estimates  of  aero¬ 
dynamic  am.  aeroelastic  characteristics  of  a  propulsive- 
rotor.  It  was  concluded: 

•  the  hover  controllability  of  present- 
day  helicopters  represents  a  reason¬ 
able  criterion  for  design  of  V/STOL 
control  systems; 

•  in  terras  of  additional  power  and 
weight  requirements,  the  most  econom¬ 
ical  way  of  achieving  this  degree  of 
control  in  propeller-driven  V/STOL 
aircraft  is  by  means  of  cyclic  lift 
control  of  the  propeller; 

•  trail ing-edge  flaps  on  the  propeller 
blades  provide  a  satisfactory  degree 
ox  cyclic  control; 

•  steady,  positive,  trail ing-edge  flap 
deflections  provide  increased  propel¬ 
ler  maximum  lift  coefficients. 

This  feasibility  test  stand  experimentally  estab¬ 
lished  the  validity  of  the  concept  at  relatively  low  levels 
of  power  and  speed.  Consequently,  the  contract  was  amended 
to  authorize  a  more  sophisticated  ground  stand  evaluation 
of  the  concept. 

This  phase  of  the  program  was  accomplished  on  a 
test  stand  floated  on  Baldwin-Hamiltcn  Type  U-l  loadceils, 
permitting  the  determination  of  lift,  thrust,  and  side 
forces,  and  of  pitching,  yawing,  and  rolling  moments.  On 
this  stand  were  mounted  a  half-span  wing  fitted  with  Fowler- 
type  flaps,  a  nacelle,  and  one  rotor  and  drive  system. 
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Figure 

Feasibility 


i 


Stand 


Structural  components  peculiar  to  a  flight  article  were 
designed  to  the  criteria  for  Class  VU  aircraft  of  Specifi¬ 
cation  MIL-A-8629 ,  that  the  test  results  might  reflect  the 
compromises  normally  encountered  when  designing  an  opera¬ 
tional  military  aircraft. 


The  test  stand  as  described  (Figure  3)  permitted  a 
performance  assessment  out  of  ground  effect.  To  investi¬ 
gate  the  influence  of  ground  proximity  on  performance,  a 
plane  was  constructed  to  simulate  the  ground  (Figure  4) . 

The  results  of  this  testing  were  again  in  general 
accord  with  the  developed  procedures,  (K.AC  Reports  G-lll-1 
through  -4) (2/5) ,  although  the  program  did  disclose  areas 
in  the  particular  hardware,  both  in  analysis  and  design, 
that  required  modification.  They  were: 


variable  inflow  theory  must  be  consid¬ 
ered  in  the  rotor  analysis; 
to  increase  flapping  sensitivity  re¬ 
quires  the  introduction  of  negative 

^  ; 

lead- lag  freedom  is  not  a  necessity; 
flap  hinge  moment  must  be  reduced. 


During  the  closing  stages  of  this  testing  it  was 
apparent  that  procedure  had  been  substantiated,  so  the  con¬ 
tract  was  again  amended  to  provide  for  a  V/STOL  flight  re¬ 
search  aircraft.  A  surplus  JRF-5  to  be  modified  to  the 
V/STOL  configuration  was  supplied  by  the  Bureau. 


This  vehicle  was  to  furnish  a  platform  that  would 
permit  the  safe  accomplishment  of  flight  research  within  a 
meaningful  envelope  to  assist  in  the  establishment  of  real¬ 
istic  flying  qualities  spec liicat ions  for  V/STOL  aircraft. 
To  meet  this  requirement  it  obviously  could  not  be  a 
limited-envelope  test-bed;  there  must  be  adequate  engineer¬ 
ing  justification  supported  by  ground  test  in  areas  of 
question.  But  funding  limitations  affected  planning.  Ini¬ 
tial  judgement  indicated  that  the  engineering  justification 
could  be  substantiated  by  the  following  tests: 


<•  powered  1/8-scale  wind-tunnel  model; 

•  wing  proof-load; 

•  controls  proof-load; 

•  mechanical  instability  and  flutter; 

•  dynamic  component  endurance; 
e  functional  tie-down. 


14 


Figure  4 

Aerodynamic  Research  Test  Stand 
with  Groundboard 
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Subsequently,  the  test  program  was  expanded  to  .include; 

•  additional  1/8-scale  model  wind- 
tunnel  tests; 

•  blade  flap  and  flap-retention  fatigue 
test ; 

•  blade  flap-control  fatigue  test; 

•  simulator  flight  evaluation; 

•  1/8-ocale  wind-tunnel  tests  of  blade 
flapping  and  damping  in  high-speed 
flight; 

0  full-scale  wind-tunnel  test. 


aerodynamics 

Aerodynamic  analysis  followed  a  normal  pattern, 
the  only  deviation  being  the  need  to  consider  two  flight 
regimes  for  the  same  airplane  -  airplane  iri  fixed-wing, 
high-speed  flight,  and  helicopter  in  low-speed  flight. 
Analyses  covered  methods  of  analysis,  airloads,  and  esti¬ 
mated  flying  qualities,  and  are  reported  in  KAC  Reports 
G-113-2(7);  -4(9);  -5(10);  -7(12);  and  -31(36).  Applicable 
reports  were  modified  as  results  of  testing  became  avail¬ 
able. 

Estimating  stability  and  controllability  of  the 
aircraft  at  all  flight  speeds  waE  complicated  by  the  un¬ 
usual  trimming  and  control  devices  available.  The  steady 
level  flight  of  an  aircraft  requires  a  balance  of  forces  in 
the  vertical  and  horizontal  directions.  In  any  airplane 
this  is  brought  about  by  a  combination  of  propeller  thrust 
and  wing  lift  that  balances  the  aircraft  weight  and  drag. 

In  the  K-16B,  because  of  the  high  thrust  available,  this 
balance  can  be  achieved  at  any  flight,  speed.  .As  the  speed 
is  reduced  below  the  flaps-down  stalling  speed,  more  of  the 
lifting  force  must  come  from  a  component  of  the  rotor 
thrust,  and  tt<~  attitude  of  the  wing-propeller  combination 
in  apace  must  move  toward  the  vertical.  if  the  wing  and 
fuselage  were  fixed  with  respect  to  each  other,  rather  in¬ 
convenient  attitudes  would  result.  The  pilot  of  the  K-16B 
can,  however,  tilt  the  fuselage  down  with  respect  to  the 
wing  as  speed  is  reduced.  Fuselage  attitude,  therefore, 
can  be  considered  a  trimming  device.  In  addition,  the 
regular  aerodynamic  control  surfaces  become  inadequate  at 
these  low  speeds,  and  full  control  is  obtained  by  the  cyclic 
and  differential-collective  control  of  the  rotor's  artic¬ 
ulated  blades. 


The  detail  design  specification  for  the  1/8-scale 
wind-tunnel  model  is  found  in  KAC  Report  G-113-l(6).  Each 
"iodel  rotor  was  driven  by  a  30-hp  electric  motor  through  a 
2. ,17;1  reduction  gearbox ,  and  run  at  an  rpm  that  was  varied 

from  8000  to  12,000  rpra.  To  match  T”  with  available  power 

and  speed,  the  rotors  were  four-bladed  but  otherwise  scaled 
dimensionally.  The  blades  did  not  have  trailing-edge  flaps 
but  did  have  flapping  hinges.  A  strain-gage  balance  within 
each  nacelle  measured  rotor  thrust,  torque,  normal  force, 
and  pitching  moment  about  the  hub. 

The  tests  were  conducted  in  the  DTMB  1  x  10  foot 
Atmospheric  Wind  Tunnel  No.  1.  Figure  5  shows  the  model 
during  test  operations.  These  tests  were  completed  by 
February  1960  and  are  reported  in  DTMB  Aero  Report  998(47) , 
and  KAC  Report  G-113-7  Appendix  A(12).  Aerodynamic  predic¬ 
tions  of  suitable  stability  were  generally  substantiated, 
except  for  directional  instability  in  the  airplane  "clean” 
configuration.  Additional  area  added  to  the  vertical  fin 
corrected  this. 

As  a  result  of  these  tests  however,  the  possi¬ 
bility  of  stall  was  indicated  on  the  model  under  conditions 
simulating  level  flight  at  speeds  between  20  and  60  knots 
(Ibid).  "Fallout”  from  NASA  research  then  in  progress  also 
indicated  that  transition  stall  might  be  more  serious  than 
originally  believed.  Hence,  the  model  was  retested  with 
several  configuration  changes  to  assess  their  effect  on 
transition  stall. 


The  leading-edge  was  modified  in  a  manner  similar 
to  that  shown  in  NACA  TN2228,  Figure  2(48).  A  leading-edge 
slat,  a  modification  cf  that  reported  in  NACA  TR732(49), 
was  also  tested.  Further,  a  center  section  slat  was 
empirically  designed. 


All  the  configuration  changes  resulted  in  improve¬ 
ment  in  the  model  aerodynamic  characteristics.  In  view  of 
the  good  results  obtained  with  the  leading-edge  modification 
(a  glide-path  angle  of  10  degrees  could  be  maintained 
throughout  the  transition) ,  it  was  decided  to  use  it  during 
the  upcoming  full-scale  wind-tunnel  tests.  These  model 
tests  were  completed  during  November  1961,  and  are  reported 
in  KAC  Report  G-l 13-31 (36) . 


At  about  this  time  a  simulator  flying  qualities 
pilot  evaluation  was  conducted  at  Nortl  American  Aviation, 
Columbus  Division,  on  their  visual  analog  VTOL  simulator. 
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Figure  5 

1/8-Scale  Wind  Tunnel  Model 
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The  estimated  flying  qualities  were  evaluated  by  pilots  from 
BuWeps,  Kaman,  NASA,  and  NAA.  The  dynamic  stability  and 
control  characteristics  in  hovering  flight  were  found  to  bo 
flyable  but  with  sufficient  unpleasant  characteristics  to 
hampor  satisfactory  sustained  hovering  operation.  The  re¬ 
sults  of  the  mid-transition  and  conventional  flight  evalu¬ 
ation  showed  the  expected  improvement  of  flying  qualities 
with  speed.  The  flight  characteristics  at  100  knots  were 
generally  rated  satisfactory  for  normal  operation,  but  with 
slightly  unpleasant  characteristics.  This  simulation  pro¬ 
gram  is  reported  in  NAA  Report  NA60H-672 (50) ,  NATC  Patuxent 
Report  No.  1-Final  Report  (51),  and  KAC  Report  G-113-7 
Appendix  C(12).  As  a  result  of  the  hovering  evaluation,  it 
was  recommended  that  a  stability  augmentation  system  be 
installed. 


Upon  completion  of  the  aircraft  it  underwent  func¬ 
tional  tie-down  testing,  as  shown  in  Figure  6.  All  the 
pilots  who  participated  remarked  on  the  smoothness  of  oper¬ 
ation.  Several  times  the  landing  gear  shock  struts  were 
fully  extended,  the  tires  doughnut-shaped,  and  the  spring¬ 
lines  taut.  But,  tethered  flight  was  prohibited  prior  to 
full-scale  tunnel  testing. 

Following  these  tests,  the  K-16B  was  shipped  to 
NASA,  Ames  Research  Center  (ARC),  for  full-scale  tunnel 
testing. 


Before  installation  in  the  tunnel  all  systems  were 
checked  out  on  a  static  thrust  stand  where  hover  data  in 
the  areas  of  rotor  thrust  and  control  effectiveness  were 
also  taken.  The  wind  tunnel  operation  was  concerned  with 
rotor  thrust ;  control  offset  iv^nsss ,  wing  sts.ll.  in  i  mns  i — 
tion,  and  blade  flapping  and  damping  in  forward  flight. 

The  installations  of  the  aircraft  both  on  the  thrust  stand 
and  in  the  tunnel  are  shown  in  Figures  7  and  8. 

The  analysis  of  the  data  indicates  that  the 
methods  developed  for  the  analytical  treatment  of  propulsive 
rotor  performance  are  valid  -  that  the  deficiency  in  per¬ 
formance  disclosed  by  the  data  can  be  directly  attributed  to 
non-optimum  test  hardware.  Wing  stall  buffet  in  transition 
may  limit  the  effectiveness  of  the  K-16B  flight  research 
program.  No  problems  arose  with  blade  flapping  and  damping 
in  forward  flight  -  test  results  agreed  very  well  with  ana¬ 
lytical  predictions  that  showed  the  rotor  to  be  well  damped 
with  very  little  flapping. 

At  low  flight  speeds  the  rotor  operates  the  same 
as  a  helicopter  rotor  with  offset  hinge.  At  cruising  speed 
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Figure  6 

Tie-down  Operation 


20 


i 


Figure  8 

Full-Scale 
Wind  Tunnel 
Installation 


t ho  cyclic  flap  control  is  phased  out  and  blade  motion  is 
defined  solely  by  the  airplane  attitude  and  motion.  A 
theory  was  derived  describing  the  force  and  motion  charac¬ 
teristics  of  a  flapping  rotor  operating  in  high-speed  con¬ 
ditions,  and  model  tests  carried  out  to  verify  its  qualita¬ 
tive  accuracy. 

The  rotor  derivatives  with  respect  to  the  pertur¬ 
bation  velocities  are  obtained  from  methods  similar  to 
those  used  in  helicopter  analyses.  But,  a  further  compli¬ 
cation  is  introduced  because  the  forces  and  moments  gener¬ 
ated  by  the  rotor-wing  combination  are  with  respect  to  the 
wing  axes  system;  thus,  a  resolution  is  nocossary  to  relate 
tho  forces  and  moments  into  the  stability  axes  system. 

The  rotor  derivatives  are  complex  due  to  the  im¬ 
plicit  relationships  that  exist  between  the  rotor  variables. 
This  system  is  necessarily  further  complicated  by  the  incor¬ 
poration  of  a  factor  to  account  for  a  variable  inflow,  and 
by  the  increase  in  rotor  natural  frequency  caused  by  the 
offset  hinge.  All  this  requires  that  existing  theory  be 
modified  to  include  a  cyclic  variation  of  inflow  and  lift 
coefficient  which  occurs  for  a  rotor  operating  at  other  than 
its  natural  frequency.  A  description  of  these  rotor  deriva¬ 
tives  will  be  found  in  KAC  Report  G-l\3-7(12). 

A  negative  damping  contribution  is  indicated  by 
this  method,  whereas  a  positive  damping  is  calculated  using 
the  simplified  helicopter  methods.  The  principle  differ¬ 
ence  is  the  negative  damping  contributed  by  the  rotor 
H-force  at  a  speed  condition.  However,  a  flapping  hinge 
offset  will  always  result  in  a  relatively  smaller  negative 
contribution  for  the  offset  always  contributes  a  positive 
damping  term  (NACA  TN3492) (52) .  This  damping  term  is  a 
t  q r  r ho  htjh  sjociSRt  Guo  to  pitching  velocity.  At 
cruising  speeds,  the  positive  damping  due  to  the  hub  moment 
is  balanced  by  the  negative  damping  due  to  the  rotor  H-force. 

At  high  flight-speeds  the  forces  and  moments  pro¬ 
duced  by  a  rotor  are  essentially  a  function  of  blade  geome¬ 
try,  mass  distribution,  motion,  and  the  position  and  motion 
of  tho  rotor  shaft.  Once  these  parameters  are  known,  the 
forces  and  moments  produced  by  the  rotor  become  a  straight¬ 
forward  Integration  operation.  All  the  terras  except  the 
blade  motion  are  readily  available;  hence,  the  basic  theo¬ 
retical  problem  is  the  prediction  of  the  blade  motion. 

Because  of  these  considerations  the  K-16B  1/8-scale 
model  rotor  and  instrumentation  was  borrowed  from  DTMB  to 
conduct  company- funded  tunnel  tests.  In  the  end,  however, 
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The  theory  predicted  that  for  these  conditions  the 
longitudinal  and  lateral  Happing  should  be  zero.  The 
longitudinal  flapping  due  to  a  steady  angle-of-at tack  of  7.4 
degrees  should  be  3.43  degrees,  and  the  lateral  flapping 
5.54  degrees.  However,  the  gyroscopic  moments  acting  on  the 
blade  duo  to  the  pitching  rate  produce  strong  negative  flap¬ 
ping  and  numerically  cancel  the  flapping  due  to  angle-of- 
at  tack . 


Review  of  th x£  preliminary  test  data  indicates 
agreement  with  theoretical  predictions  -  longitudinal  and 
lateral  flapping  wore  zero. 


DYNAMICS 


Dynamic  structural  design  was  approached  by  cor  - 
ventional  mechanical  stability  and  flutter  analyses,  sub¬ 
stantiated  by  vibration  testing  to  confirm  calculated  fre¬ 
quencies  and  mode  shapes.  While  precise  correlation  between 
calculated  and  test  frequencies  was  not  obtained,  analysis 
proved  in  every  case  to  be  conservative. 

A  vibration  survey  was  performed  on  the  rotor/wing 
combination  available  from  the  aerodynamic  research  test 
stand.  In  addition,  an  analysis  was  made  of  the  mechanical 
instability  characteristics  of  the  airplane  configuration 
both  in  flight  and  on  the  ground  (KAC  Report  G-113-10) (15) . 
It  was  determined  that  the  ranges  of  mechanical  instability 
associated  with  the  wing  modes  were  the  most  critical.  To 
insure  freedom  from  instability  in  these  modes  for  both 
ground  and  flight  operation,  it  was  necessary  to  install  a 
centering  spring  in  the  lag  freedom  of  the  blades  so  that 
the  static  in-plane  natural  frequency  of  the  blades  was 
50  r/s.  With  this  blade  frequency  the  remaining  modes  were 
not  critical. 

The  flutter  analysis  followed  conventional  prac¬ 
tice,  and  indicated  that  nc  flutter  problem  exists  in  the 
airplane  (KAC  Report  G-113-6(ll). 
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Upon  completion  of  the  airframe  a  mechanical  in¬ 
stability  and  flutter  survey  was  run.  This  test  setup  is 
shown  in  Figure  9.  Structures  of  equivalent  mass  and 
inertia  replaced  the  engines,  transmission,  and  rotors. 
Excitation  was  effected  by  rotating  eccentric  weights  in 
the  plane  of  the  o1 or ;  excitation  force  levels  were  adjusted 
by  changing  the  eccentric  masses.  A  sweep  of  the  frequency 
range  from  approximately  BO  rpm  to  1G00  rpm  was  made,  both 
wing  down  and  wing  up,  at  discrete  percentages  of  airborne 
weight.  It  was  found  that  rotor  and  structural  damping  were 
more  than  adequate  to  preclude  divergent  oscillations  in 
those  regions  of  resonance  that  appear  in  the  operating 
range.  These  tests  are  reported  in  KAC  Reports  G-113-27  and 
-30  32,  35). 

In  KAC  Report  0-113-28(33)  is  presented  an  analysis 
to  determine  the  torsional  natural  frequency  of  the  drive 
system.  The  purpose  of  the  analysis  was  to  insure  there  were 
no  natural  frequencies  near  rotor  (3  per  rotor  rev)  or  drive 
system  (2  per  engine  rev)  excitations  to  cause  high  torsional 
stresses  in  the  drive  system.  The  3-per-rotor-rev  excitation 
xs  due  to  the  three-bladed  rotor;  the  2-per-engine-rev  to  the 
drive  shaft  universal  joints.  It  was  found  that  the  natural 
frequencies  obtained  are  out  of  the  range  of  the  3-per-rev 
excitation,  but  not  of  the  2-per-rev  when  the  original  alu¬ 
minum  drive  shafting  is  used.  Replacing  the  aluminum  shaft 
with  a  dimensionally  similar  steel  shaft  brings  the  natural 
frequency  out  of  the  critical  range. 


The  propeller-nacelle-wing  combination  was  also 
investigated  for  whirl  flutter  for  various  ratios  of  forward 
velocity  over  tip-speed  (KAC  Report  G-113-41) (40) .  The 
analysis  was  divided  into  three  stages  of  increasing  com¬ 
plexity:  (1)  inertial  system  with  rigid  hub  (without  blade 
flapping  or  aerodynamic  loads) ;  (2)  inertial  system  with 
articulated  hub  in  flapping;  (3)  mwiln te  sy:sl^m  which  adds 
the  aerodynamic  forces  to  the  inertial  system  of  (2).  This 
approach  has  the  advantage  ot  allowing  a  closer1  check  of  the 
equations  of  motion,  and  permitting  the  observation  of  the 
effects  of  the  addition  of  more  complex  terms  in  the  system. 
Further,  the  effect  of  the  blade  flapping  degree  of  freedom 
on  the  gyroscopic  coupling  in  the  inertial  system  may  also 
be  noted.  Results  of  the  analysis  indicated  the  absence  of 
this  oiienomenon  over  the  range  of  ratios  that  had  to  be  con¬ 


sidered  . 
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STRESS  ANALYSIS 


Static  Structure 

Structural  problems  encountered  during  design  were 
few  in  number  in  view  of  the  conventional  design  approach; 
pivotally  mounting  the  wing  to  the  fuselage  was  the  main 
exception.  Again,  conventional  structural  elements  were 
used,  so  few  problems  from  a  stress  analysis  point  of  view 
were  encountered. 

The  analytical  treatment  of  structure  followed  the 
normal  pRttern  of  development  of  flight,  ground,  and  water 
loads  (KAC  Reports  G-113-14,  -15,  -16) (19/21),  and  fuselage/ 
wing  attachment  loads  (KAC  Report  G-113-22 (27) .  Various 
stress  analyses  of  such  as  the  wing,  nacelle,  fuselage,  tail, 
alighting  gear,  transmission  mount  (KAC  Reports  G-il3-19(24) ; 
-23(28);  -25(30);  -26(31);  -18(23);  and  -17(22),  respective¬ 
ly)  were  also  published.  The  wing  was  proof-load  tested  in 
two  conditions  adjudged  critical;  these  tests  are  reported 
in  KAC  Reports  G-113-11  and  -12(16/17).  In  the  event  of  a 
deficiency  in  the  JRF-5,  the  extent  of  the  modification  or 
the  limits  of  operating  restrictions  were  to  be  reported  to 
the  Bureau  for  decision  whether  the  modification  would  be 
made  or  the  operating  restriction  accepted. 

The  aircraft  was  designed  structurally  to  Specifi¬ 
cations  MIL-A-8629  Class  VU,  and  MIL-S-8698,  with  additional 
requirements  written  into  an  addendum  to  attempt  to  fill  the 
gaps  in  these  helicopter  and  fixed-wing  specifications. 

The  wing  was  proof-load  tested  in  two  conditions 
determined  to  be  most  critical  -  wing  bending  in  3-point 
landing,  and  wing  torsion  in  symmetrical  landing  approach. 
Loads  were  applied  through  whiff lo—  trees  by  load-trays  and 
hydraulic  cylinders.  The  test  setup  can  be  seen  in  Figure  10. 
In  both  tests  proof-load  was  reached  with  no  apparent  struc¬ 
tural  inadequacies.  As  load  was  being  removed  after  the 
last  test,  a  malfunction  of  a  test  actuator  resulted  in  an 
inadvertent  over-load  and  local  yielding  of  the  wing.  For 
the  forthcoming  full-scale  tunnel  operation,  structural 
integrity  was  restored  by  a  temporary  repair;  a  suitable 
permanent  repair,  adequate  for  safe  flight,  has  been  designed 
(KAC  Report  0-113-12) (17) . 

Tbe  fuselage  stress  analysis  showed  tae  structure 
to  be  adequate  for  the  design  loads  except  for  two  landing 
conditions  -  a  drift  landing  and  a  one-wheel  landing.  Both 
conditions  result  in  negative  margins  on  tho  main  landing 
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Figure  10 

Wing  Proof-load  Tests 


gear  backup  structure.  A  modification  that  will  eliminate 
the  negative  margins  is  presented  in  KAC  Report  G-li.3-25 
Appendix  1  (30) . 

The  alighting  gear  stress  analysis  disclosed  that 
the  JRF-5  is  compatible  with  the  K-16B  criteria  except  for  a 
negative  margin  in  tho  upper  drag  link  as  a  result  of  a 
drift  landing  condition.  A  method  of  eliminating  this  nega¬ 
tive  margin  is  presented  in  KAC  Report  G-113-18  Appendix  A 
(23)  . 

The  empennage  analysis  (KAC  Report  G-113-26) (31) 
Indicated  that  the  elevator,  rudder,  and  rudder  tab  were 
more  than  adequate  for  the  design  loads.  Because  of  the 
need  to  increase  the  vertical  fin  area  by  adding  a  tip  cap 
to  improve  directional  stability,  stiffeners  had  to  be  added 
to  the  existing  spar  to  increase  bending  strength.  It  was 
also  necessary  to  add  doublers  to  the  horizontal  stabilizer 
spar-cap  to  accommodate  the  higher  required  flutter  speed  of 
the  K-16B. 


The  stress  analyses  of  both  the  nacelle  and  the 
transmission  mount  show  these  structures  to  be  adequate  for 
the  critical  air,  ground,  and  water  load  conditions  (KAC 
Reports  G-113-23,  and  -17  (28,22)  respectively. 

Dynamic  Systems 


The  dynamic  systems  are  defined  as  the  airframe 
control  system  to  the  rotor  azimuth  and  to  the  surface  con¬ 
trols;  the  rotor  including  blade  flap  controls  from  and  in¬ 
cluding  tho  azimuth;  and  the  drive  system.  Stress  znalyses 
of  these  systems  were  supported  by  controls  proof-load  test, 
blade-flap  control  system  fatigue  test,  blade-flap  retention 
ftttiwu'"  f  <11  iu  puwtfi ■- ttiiu— uf i  VG  system  G  n  u  u  i  d  uCe  test. 

The  aircraft  flight  control  system  consists  of 
conventional  components  such  as  pushrods,  cranks,  quadrants, 
and  cables.  Because  some  of  the  portions  were  superimposed 
on  existing  JRF-5  systems,  the  JRF-5  design  limit  loads  were 
used.  The  stress  analysis  indicates  that  all  components  are 
structurally  acceptable  (KAC  Report  G-I13-9) (14) . 

Upon  completion  of  the  controls  installation,  a 
system  proof-load  test  was  performed.  All  control  systems  - 
airplane  mode,  helicopter  mode,  and  engine  controls  -  to  the 
azimuth  and  to  the  control  surfaces  were  tested.  Appropriate 
loading  beams  were  installed  at  the  cockpit  controls,  and 
surface  locks  installed  as  required.  Loads  were  applied  by 
load  trays  or  calibrated  hydraulic  cylinders.  All  tests  were 
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made  with  no  apparent  yielding  of  the  systems  or  system  sup¬ 
port  structure.  Controls  excursions  were  performed  with  no 
interference  in  the  systems  (K.AC  Roport  G-113-13)  (18) . 

Alt  hough  the  stress  analyses  of  the  propulsive- 
rotor  {KAC  Report  G-113-24) (29)  disclosed  no  negative  mar¬ 
gins,  two  failures  in  the  flap  retention  during  endurance 
stand  operation  caused  authorization  of  fatigue  testing  of 
the  retention  system.  This  was  expandod  to  include  fatigue 
testing  of  the  blade-flap  control  system. 

The  reiention  fatigue  test  (KAC  Report  G-113-35) 

(39)  led  to  significant  improvement  in  the  life  of  both  the 
flap  and  its  retention.  The  configuration  cycled  in  the 
last  test  was  duplicated  for  use  in  the  tunnel  program  at 
ARC,  where  it  was  used  with  complete  confidence.  This 
fatigue  test  operation  is  shown  in  Figure  11. 

The  level  of  operation  for  the  controls  fatigue 
test  (KAC  Report  G-113-33) (37)  was  established  at  the  esti¬ 
mated  maximum  continuous  load  level.  Although  the  system 
demonstrated  adequate  life  at  this  level,  during  actual  oper¬ 
ation  at  continuous  higher  cyclic  input  levels,  operating 
lives  of  bearings  were  unacceptably  short.  The  fatigue  setup 
is  shown  in  Figure  12. 

The  two  rotors  are  driven  through  reduction  gear¬ 
boxes  by  YT58-GE6  engines  in  wing-mounted  nacelles.  Power 
take-offs  from  the  main  reduction  gearboxes  are  inter¬ 
connected  through  the  wing  to  permit  either  engine  to  drive 
both  rotors  in  che  event  of  a  single  engine  failure. 

The  structural  integrity  of  all  details  of  the 
drive  system  was  substantiated  using  approved  methods  of 
stress  analysis  (KAC  Report  G-113-21) (26) .  Though  some  areas 
showed  higher  levels  of  pitting  and  bending  stresses  than 
could  be  accepted  for  unlimited  life,  they  are  within  the 
working  limits  c'  the  experimental  nature  of  the  program 

A  power-and-drive  endurance  bench  stand,  shown  in 
Figure  13,  was  used  to  qualify  the  rotor  and  drive  system 
(KAC  Report  G- 113-34) (38) .  Because  of  the  similarity  of  the 
left-hand  and  right-hand  drive  systems,  the  endurance  stand 
duplicated  only  the  left-hand  installation  of  engine,  drive 
system,  and  rotor.  In  addition,  the  cross-shaft  installation 
to  and  including  the  accessory-drive  gearbox  at  the  aircraft 
centerline  was  included.  This  program  was  delayed  by:  (1)  a 
drive  shaft  failure,  and  (2)  two  failures  in  the  blade-flap 
retention . 


Figure  11 

Blade-flap 
Fatigue  Test 
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Figure  13 

Power  and  Drive 
Endurance  Bench  Stand 
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During  this  discussion  of  analyses  and  tests  a 
number  of  problems  were  mentioned.  Those  problems  and  their 
actual  or  probable  solutions  are  touched  on  in  the  "Test 
Article  Development"  section. 
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DEVELOPMENT 


Preceding  sections  presented  a  review  of  the  var¬ 
ious  analyses  and  tests  that  evaluated  the  V/STOL  capabil¬ 
ities  of  the  K-1GB .  A  number  of  difficulties  were  men¬ 
tioned.  This  section  will  touch  problems  actually  solved, 
and  remaining  problems  with  their  probable  solutions.  It 
is  divided  into  major  subsystems  of  propulsive-rotor,  air¬ 
frame,  and  power-and-dr ive . 


PROPULSIVE  ROTOR 

It  is  possible  to  accurately  predict  propulsive- 
rotor  performance  -  final  analysis  and  data  show  good  corre¬ 
lation.  The  rotor  that  was  tested  developed  thrust  somewhat 
short  of  the  original  prediction.  This  was  not  entirely  un¬ 
expected.  The  program  did  not  permit  incorporating  product 
improvements  upon  the  availability  of  additional  criteria 
resulting  from  previous  testing  and  refinements  in  analyti¬ 
cal  techniques.  The  program  was  designed  as  a  research 
effort,  and  in  such  a  role  the  rotor  configuration  that  was 
tested  has  proved  to  be  a  useful  tool. 

Hover  Characteristics 

In  the  design  of  helicopter  rotors  the  assumption 
of  uniform  inflow  is  commonly  used  to  determine  cyclic  effec¬ 
tiveness.  This  approach  had  been  applied  to  the  propulsive- 
rotor.  Data  from  the  Phase  II  research  test  stand  indicated 
that  a  more  rigorous  variable  inflow  theory  must  be  applied. 
Comparison  of  test  results  with  calculations  based  or.  the 
latter  theory  disclosed  excellent  agreement. 

Control  in  hover  (and  transition)  is  obtained  by 
blade-flap  cyclic  deflection,  in  the  proper  phase,  to  rotate 
the  tip-path  plane  and  consequently  the  direction  of  thrust. 
This  tip-path  rotation  plus  the  blade  centrifugal  forces 
acting  on  offset  flapping  hinges,  produces  moments  to  attain 
precision  hei icopter-type  control. 

Cyclic  sensitivity,  which  is  the  amount  oi  flap¬ 
ping  for  a  particular  cyclic  flap  deflection,  is  a  function 
of  the  flapping  hinge  offset,  pitch-flapping  coupling,  the 
first  mass  moment,  and  t.he  thrust  coefficient.  A  particular 
control  moment  can  be  generated  by  proper  choice  of  these 
characteristics. 
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When  the  cyclic  sensitivity  analysis  is  conpared 
with  the  static  thrust  stand  test  points,  agreement  is  good, 
“hen  the  sensitivity  is  used  io  determine  total  control  mo¬ 
ment,  agreement  again  is  good.  Because  directional  control 
is  a  function  of  cyclic  sensitivity,  it  too  will  be  as  pre¬ 
dicted.  Our  analysis  carried  the  measured  components  of  the 
control  moment  to  a  point  that  separates  the  aerodynamic 
results  from  the  mechanical  system.  Such  a  common  base  for 
comparison  is  the  wing  axis  system  before  control  compensa¬ 
tion  is  introduced.  When  this  is  done,  the  directional 
control  in  the  wing  axis  system  is  found  to  be  just  as  pre¬ 
dicted  by  the  final  methods  of  analysis.  The  results  of  the 
tests  at  NASA,  Ames  Research  Center  (ARC),  were  affected  by 
an  off -optimum  control  compensation  in  the  mechanical  system 
(NASA  TN  D-2538) (53),  designed  to  earlier  estimates  of  con¬ 
trol  characteristics. 

Pitching  moment  test  data  (Ibid),  when  shown  as  a 
function  of  longitudinal  flapping,  is  in  good  agreement 
with  analysis.  If  plotted  as  a  function  of  longitudinal 
stick  position,  agreement  again  is  good.  However,  it  was 
less  than  the  predicted  moment  (KAC  Report  G-1I3-4) (12) . 

The  available  control  was  limited  to  0.6  of  the  design 
value  because  of  an  interference  in  a  sweshplate.  In  ad¬ 
dition,  full  hovering  thrust  was  not  produced  during  the 
tests,  and  cyclic  sensitivity  is  a  function  of  thrust 
coefficient . 

Transition  Performance 

In  transition,  aircraft  operation  is  determined  in 
part  by  the  thrust  of  the  rotor,  and  of  control  moments  and 
forces  by  the  rotor  about  arid  along  the  three  axes . 

One  purpose  of  the  blade-flap  is  to  improve  the 
static  thrust  capability  without  penalizing  the  high-speed 
forward  flight  efficiency  which  a  highly  cambered  or  wider 
blade  would  do  -  its  purpose  is  not  to  improve  the  rotor- 
blade  efficiency  throughout  the  speed  range  by  continued 
flap  deflection.  The  concept  allows  the  designer  to  select 
a  blade  profile  and  activity  factor  compatible  with  the 
high-speed  propeller  requirements,  but  by  collective  flap 
deflection  attain  the  higher  lift  coefficients  required  for 
hover  performance.  For  the  high-speed  configuration  the 
flaps  are  fully  retracted,  returning  the  blade  to  the  thin 
profile  needed  for  efficient  propeller  performance.  The 
collective  flap  is  reduced  as  the  thrust  decreases,  and  when 
halfway  through  the  transition  the  flaps  are  fully  retract¬ 
ed.  The  transition  tests  in  the  wind  tunnel  (NASA  TN  D-2538) 
(53)  were  run  with  a  constant  13  degrees  of  blade-flap  col¬ 
lective  deflection,  so  poorer  propeller  efficiencies  would 
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be  expected  at  the  higher  speeds  tested.  The  appropriate 
configuration  for  the  ARC  test  point  at  150  knots  is  collec¬ 
tive  flap  fully  retracted  and  blade  pitch  at  34  degrees.  The 
run  at  this  velocity  was  made  in  the  transition  configuration 
and  merely  established  an  anchor  point  for  the  curve  of 
propulsive-rotor  performance  in  transition. 

The  comments  concerning  control  in  the  hovering 
mode  also  apply  in  transition.  The  cyclic  sensitivity  does 
drop  off  however,  principally  because  of  the  reduction  in 
thrust  coefficient  with  speed.  At  the  same  time  the  phas¬ 
ing  gradually  shifts  as  a  function  of  the  advance  ratio  in 
the  transition  -  decreasing  as  the  advance  ratio  increases, 
then  increasing  as  the  advance  ratio  decreases  again.  IXir- 
ing  this  time  the  tail  is  becoming  effective. 

Although  the  cyclic  sensitivity  was  greater  than 
anticipated,  because  of  wing  stall  the  untrinaaed  pitching 
moment  was  sc  large  it  severely  curtailed  the  control  avail¬ 
able  for  maneuvers. 

Performance  Impi ovement 

To  improve  the  performance  of  the  rotor,  a  number 
of  configuration  changes  (blade  flap  extent,  solidity,  tip 
speed,  twist,  airfoil  section)  have  been  considered.  Two 
possible  configurations  were  reviewed.  The  first  is  essen¬ 
tially  the  same  as  the  present  rotor  in  over-all  dimensions. 
The  second  has  an  increased  diameter,  chord,  and  flap  span. 
Both  take  advantage  of  an  increase  in  rotational  speed,  and 
a  cle ati-up  of  blade  tip  design.  (The  present  blade-flap 
control  linkage  results  in  higher  aerodynamic  drag  at  the 
tip.  It  is  not  possible  to  precisely  calculate  the  power 
loss  due  to  this  added  drag,  but  it  is  estimated  at  3  to  4 
percent.)  Table  I  describes  the  basic  (existing)  configu¬ 
ration  and  the  two  revised  configurations. 


Table  I 

Rotor  Particulars 


Basic 

Blade  A 

Blade  B 

Diameter 

15  •2" 

15 ’2" 

15 ' 10:' 

Blade  Chord 

1.8" 

18” 

20" 

Flap  Extent,  r/R 

.54  to  .98 

.54  to  .98 

.35  to  .98 

Tip  Speed,  max 

Airfoil  of  Outboard 

575  fps 

635  fps 

664  fps 

50%  of  Blade 

163509 

16509 
(mod if  led) 

16509 

(modified) 

Airfoil  Design  Camber 

.35 

.5 

.5 

Tip  Region 

Dirty 

Clean 

Clean 
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The  ii u vc T  yeriui  uiii<iC^  majJ  -lOl'  tl)tJ  DBbic  DlflUC  is 
shown  in  Figure  14;  for  Blade  A  in  Figure  15;  and  for  Blade 
B  in  Figure  16.  These  maps  were  used  to  determine  the  hover 
capabilities  of  the  new  configurations,  shown  in  Figure  17. 

The  effect  on  high-speed  performance  is  shown  in  Figure  18. 

It  will  be  noted  that  by  virtue  of  the  blade  flap, 
static  thrust  has  been  optimised  without  penalty  in  cruising 
propulsive  efficiency.  It  can  be  concluded  that  the  degree 
of  rotor  modification  represented  by  Blade  A,  when  powered 
by  a  T58-GE8,  will  provide  sufficient  margin  of  static 
thrust  to  assure  adequate  vertical  flight  performance  of  the 
K-16B  at  any  feasible  gross  weight . 

The  concept  of  integrated  design  lift  coefficient 
for  estimating  propeller  performance  is  based  on  the  assump¬ 
tion  that  the  propeller  operates  at  the  design  angle  of  attack, 

oC  i<  at  each  station  along  the  tcade.  For  the  normal  pro¬ 
peller,  designed  for  maximum  efficiency  in  cruise,  the  concept 
is  valid  because  the  radial  variation  in  ideal  angle  of 
attack  can  be  made  coincident  with  the  twist  distribution 
for  cruise  operation.  In  this  case  static  thrust  is  of 
secondary  importance.  For  VTOu  aircraft,  static  thrust  is 
of  primary  importance. 

Efficient  high  static  thrust  requires  that  the 
camber  be  high  and  the  twist  in  the  order  of  -12  degrees  and 
linear.  A  blade  designed  with  these  characteristics  will 
have  poor  efficiency  at  the  low  thrust  coefficients  required 
for  cruise.  Tta-  propulsive-rotor,  because  its  blr.des  are  of 
variable  camber,  reconciles  the  two  requirements. 

Fieuro  19  compares  the  ststic  f igu.r=s~o£ —merit  for 
two  conditions  of  the  improved  Blade  A  In  the  one  condi¬ 
tion  .  o  -  0  d-tjrees,  or  the  equivalent  of  an  invariant 
propeller.  In  the  other  condition,  0/  0  m  5  degrees.  In 

-.h-  ir't  condition,  note  that  with  basic  camber  alone  the 
t *  «  cannot  generate  the  required  thrudt  at  the  design 

of  10,000  pounds.  However,  increasing  the  camber  by 
eee  of  flap  deflection,  vhe  10,000  pounds  of  thrust 
produced  at  a  reasonable  figure-of -merit .  By  re- 
ti  .»g  the  flap  a  propeller  cruise  efficiency  of  0.85  is 
attained . 

A  conventional  propeller  designed  for  this  same 
cruise  efficiency  (0.85)  would  be  equivalent  to  propulsive 
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Cwfflrl^M  So]l41ty 
Pi*vir«*  IS 


Blade  "A”  with  zero  collective  iiap 
Blade  "A"  with  5  degree  collective  flap 


rotor  "A"  with  flap  retracted,  in  terms  of  geometry,  twist, 
and  camber.  Hence  it  would  have  the  same  low  figure-of- 
merit  in  hover,  and  therefore  would  be  unacceptable.  Wero 
the  propeller  designed  for  a  higher  cruise  efficiency,  there 
would  be  a  further  degradation  in  hover  performance.  To 
meet  the  required  hovering  performance,  the  blade  chord, 
number  of  blades,  or  amount  of  camber  would  have  to  be  in¬ 
creased,  resulting  in  poorer  propulsive  efficiency  in 
cruise.  To  develop  10,000  pounds  of  thrust  with  the  pres¬ 
ent  test  rotor  requires  a  collective  flap  deflection  of  13 

degrees  for  a  CT/Cr'  of  0.185,  resulting  in  a  figure-of- 

merit  of  0.62.  By  increasing  the  tip  speed  of  Blade  A  from 

595  to  635  fps  the  CT/a~  required  for  10,000  pounds  of 

thrust  is  reduced  to  0.152,  which  requires  only  5  degrees  of 
collective  flap  for  a  figure-of -merit  of  0.72.  Indeed, 

11,000  pounds  of  thrust  can  be  developed  at  a  C-j./ 0~'  of 

0.166  with  6  degrees  of  flap  and  a  figure -of -merit  of  0,71. 

This  configuration  change  demonstrates  the  per¬ 
formance  that  is  possible  with  the  K-16C  rotor.  Although 
the  analysis  concentrated  on  improvement  of  hovei  perform¬ 
ance,  the  concept  is  not  that  narrowly  defined.  It  lends 
itself  to  performance  flexibility  in  systems  trade-off 
studies.  Consider  the  following  plot.  This  is  a  hover  per- 


Crulsing  Efficiency, 


forraance  map  crossplotted  to  cruise  efficiency.  It  is  based 
on  estimates  of  performance  of  one  airplnne,  and  varies 
propeller  blade  camber.  The  propulsive-i ctor  blade-flaps 
are  appropriately  stowed  in  cruise,  of  course 

Note  the  curve  for  an  invariant-camber  propeller, 
o /'q  -  0°.  When  designed  for  hover,  its  f i gure -of -merit  is 

in  excess  of  0.7  but  its  cruise  efficiency  is  low.  Now  con¬ 
sider  the  other  extreme  of  the  curve.  Cruise  efficiency  is 
high  but  hover  efficiency  is  very  low.  The  curve  for  collec¬ 
tive  flap  of  lodegrees  (c /^Q  "10°)  is  indicative  of  the  per¬ 
formance  improvement  with  variable  camber  blades.  Note 
that  at  the  same  maximum  cruise  efficiency  of  the  fixed- 
camber  blade  there  is  just  a  modest,  decrease  in  hover  figure- 
of -merit.  It  can  also  be  seen  that  a  range  of  trade-offs 
can  be  made  between  hover  efficiency  and  cruise  efficiency. 
And,  when  a  reduced  efficiency,  either  hover  or  cruise,  is 
acceptable,  it  is  not  improbable  that  there  may  be  a  cross¬ 
over  poini.  Then  there  may  be  no  performance  advantage  of 
the  propulsive-rotor ,  but  the  hover  control  advantage  will 
continue  to  exist. 

The  flexibility  of  the  concept  makes  it  possible 
to  configure  a  propulsion  unit  to  be  the  best  compromise 
for  a  system  mission  profile,  whether  it  be  long  range  and 
short  hover  time,  shore  range  with  long  hover  time,  or  any 
mission  in  between.  Unlike  the  relative  trade-off  inflex¬ 
ibility  of  an  invariant -camber  propeller,  the  propulsive- 
rotor  allows  a  systems  analysis  to  balance  cruise  efficiency 
against  hover  efficiency. 

Comiiunent  Hardware 

The  rotor  hub  had  been  designed  as  a  fully  artic¬ 
ulated  system.  Analytes  performed  in  an  Air  Force  study 
(Egerton  and  Giansante  -  54)  indicated  a  substantial  poten¬ 
tial  weight  savings  of  a  semi-rigid  rotor  as  compared  to  a 
fully  articulated  rotor.  Several  test  runs  with  le  d-lag 
freedom  locked  out  were  made  on  the  Phase  II  test  stand.  A 
marked  improvement  in  the  smoothness  of  operation  was  noted. 

Though  the  stress  levels  recorded  during  this  run¬ 
ning  were  within  the  limits  of  test  stand  operation,  the 
stress  levels  that  would  be  encountered  in  maneuvering 
flight  would  call  for  a  complete  redesign  of  the  hub.  In¬ 
stead,  a  unique  lead-lag  restraint  was  designed.  It  provides 
the  in-plane  freedom  of  blade  motion  to  relieve  blade  and 
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hub  stretses  of  the  original  design,  yet  the  natural  fre¬ 
quency  of  the  complete  system  is  so  tuned  that  mechanical 
instability  is  avoided.  Obviously,  the  weight  saving  of  a 
complete  redesign  could  not  be  obtained;  however,  with  the 
primary  objective  that  of  obtaining  research  data,  the 
weight  penalty  could  be  tolerated. 

Blade-flap  retention  is  provided  by  a  tension- 
torsicn  cable  mechanically  secured  at  the  root  of  the  blade 
and  attached  to  the  flap  spar.  In  thJ  original  design  the 
cable  was  attached  to  the  spar  by  a  threaded  connection  to  a 
fitting  bonded  to  the  spar.  A  connection  of  this  type  was 
more  amenable  to  fabric:  ^ion ,  assembly,  and  handling. 

During  power-and-dr ive  bench  stand  operations,  a 
failure  occurred  in  a  thread  relief  of  the  fitting  bonded  to 
the  flap.  Metallurgical  inspection  revealed  a  fatigue  fail¬ 
ure  resulting  from  flap  bending  loads.  The  cable  end  fitting 
was  changed  to  a  ball-and-socket  arrangement  that  becomes 
permanently  bonded  into  the  flap  through  a  phenolic  block. 

A  second  retention  failure  occurred,  this  time  in 
the  bond  between  the  phenolic  block  and  the  spar  structure. 
Inspection  disclosed  an  incomplete  bond  between  the  phenolic 
block  and  the  plywood  leading  edge.  The  designed  area  of  the 
bond  was  more  than  sufficient  to  support  the  loads  -  thi6  was 
substantiated  by  pull-tests  of  the  two  remaining  flaps.  How¬ 
ever,  to  reduce  the  sensitivity  to  quality  variations  -  a 
factor  in  this  failure  -  the  joint  layup  was  redesigned. 
Subsequent  flaps  have  given  no  evidence  of  difficulty. 

Further  significant  improvement  in  flap  reliabil¬ 
ity  developed  as  a  result  of  parallel  fatigue  testing  (KAC 
Report  G-113-35) (40) .  In  all,  seven  fatigue  tests  of  the 
flap  and  retention  were  performed,  permitting  establishment 

oi  reasonable  S-T  curves  fer  wind  tunnel  hiiu  f  light  opei  lo¬ 
tion  . 

Although  the  flap  configuration  used  during  the  ARC 
tests  had  adequate  fatigue  life,  it  is  suspected  that  struc¬ 
tural  deformation  of  the  flaps,  which  were  rather  flexible, 
may  have  affected  rotor  performance. 

By  applying  the  construction  techniques  used  in  the 
aluminum-spar ,  honeycomb-stiffened  UH-2  helicopter  servo-flap 
to  the  K-1SB  flap  a  decided  improvement  in  flap  stiffness  can 
be  attained.  The  only  essential  difference  from  the  UH-2 
flap  structure  would  be  a  fiberglass  skin,  necessary  to  allow 
for  the  relatively  sharp  twist  of  the  K-16B  flap.  Dynamic 
analysis  of  this  flap  also  indicates  that  fatigue  strength 
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will  be  far  greater  than  that  of  the  present  flap. 

The  economics  ol  the  program  dictated  austerity  in 
all  areas.  System  trade-off  studies  resulted  in  the  present 
blade-flap  control  linkage,  which  is  a  push-pull  system  con¬ 
sisting  of  links,  a  long  spanwisc  rod,  and  an  offset  crank 
driving  a  flap  horn  by  an  external  chordwise  rod.  The  trade¬ 
off  studies  reviewed  the  impact  of  dual  hydraulic  actuators 
versus  single  hydraulic  actuators  to  operate  tho  rotor  swash- 
plate.  If  a  suitable  mechanical  system  is  available  in  the 
event  of  a  hydraulic  failure,  then  the  expense  of  a  dual  sys¬ 
tem  can  be  avoided.  In  this  case,  a  hydraulic  failure  will 
place  the  rotor  control  loads  on  the  pilot’s  stick;  these 
must  be  within  the  pilot’s  capabilities.  The  control  system 
geometry  that  was  selected  permitted  including  a  mass  bal¬ 
ance  that  introduces  a  cyclic  centrifugal  force  in  opposition 
to  the  aerodynamic  force  produced  by  cyclic  flap  deflection, 
resulting  in  emergency  loads  within  the  pilot's  capability. 
This  allowed  the  use  of  a  single  actuator. 

Operation  disclosed  high  pressure-velocity  (P-V) 
loads  on  many  of  the  bearings,  and  serious  lubrication  prob¬ 
lems  at  the  blade  tip  because  of  the  high  centrifugal  forces 
on  the  components.  These  problems  are  particularly  manifest 
at  sustained  higher  levels  of  cyclic  input,  such  as  would  be 
expected  during  wind  tunnel  operation. 

Belleville  springs  were  used  in  the  tuned  lead-lag 
system  of  the  rotor.  As  a  result  of  several  fatigue  fail¬ 
ures,  a  spring  development  program  was  pursued.  The  end  re¬ 
quirements  compelled  a  change  of  material,  control  of  the 
grain  orientation  of  the  metal,  and  improved  fabrication  of 
the  springs.  Modified  springs  were  in  ttv  airplane  during 
testing  at  ARC.  No  evidence  ol  malfunctioning  appeared. 

Component  Improvement 

The  K16  rotor  concept  has  been  damned  by  faint 
praise  because  of  these  problems.  Theoretically,  the  con¬ 
cept  is  considered  a  unique  and  promising  solution  to  the 
control  and  static  thrust  problems  of  propeller -driven 
V/STOL  aircraft.  Practically,  it  has  been  denigrated  be¬ 
cause  of  the  difficulties  we  experienced  With  research  hard¬ 
ware.  This  judgement  does  not  consider  the  state-of-the-art 
advances  in  bearing  and  structure  technologies  in  the  ten 
years  since  the  propulsive-rotor  was  first  designed. 

As  a  result  of  the  emp>hasis  the  Military  has 
placed  on  the  contribution  of  relubrication  of  rotor  and 
control  system  oscillating  bearings  to  the  maintenance  bur- 
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den,  and  of  the  demands  of  the  space  sciences,  major  advances 
have  been  made  in  the  development  of  self-lubricating  bear¬ 
ings  and  of  elastic  hinges;  specifically,  the  KACarb  bearing 
and  the  elastomeric  bearing. 

KACarb  bearings  have  a  dry,  solid,  permanently- 
lubricated  bearing  surface  that  is  designed  for  high-load, 
high-velocity  oscillating  or  rotating  conditions.  They  have 
a  consistent  and  low  coefficient  of  friction,  and  P-V  capac¬ 
ities  that  are  a  minimum  of  four  times  greater  than  the  best 
quality  aircraft  bearings  heretofore  available.  They  are 
also  unique  in  that  they  can  operate  for  short  periods  at 
excessive  P-V  loadings  with  no  damage  to  the  bearing.  In  one 
application,  they  operated  for  a  limited  time  at  a  P-V  load¬ 
ing  in  excess  ol  900,000  -  more  than  ten  times  the  design 
limit  -  with  no  damage  to  the  bearing. 

The  elastomeric  bearing  is  constructed  of  alter¬ 
nate  layers  of  metal  and  elastomer.  The  applied  load  is  es¬ 
sentially  normal  to  the  lamination  orientation;  the  function¬ 
al  displacement  is  parallel  to  the  laminations.  Lamina 
thickness  is  small  for  the  elastomer  to  operate  in  the  visco¬ 
elastic  range,  and  at  the  same  time,  support  appreciable  com¬ 
pressive  stress  without  extrusion  at  the  edge  boundary. 

Both  types  of  bearings  were  selected  by  Kaman  for 
the  blade  articulation  of  a  rotor  re-entry  vehicle  wind  tun¬ 
nel  model  for  ARC  (Contract  NAS  2  -  2107).  The  model,  shown 
in  the  figure,  is  a  four-foot  diameter,  semi-articulated 
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rotor  complete  with  both  cyclic  and  collective  pitch.  The 
elastomeric  pitch  bearings  are  but  1-3/8  inch  in  diameter. 

The  flapping  bearings  are  KACarb  bearings. 

The  application  involves  operating  frequencies  in 
excess  of  100  cps  -  well  beyond  the  state  ol  the  art  for  nor¬ 
mal  oscillating  bearings  -  operating  rpm  oJ  0300,  and  a  de¬ 
sign  load  in  excess  of  10,000  pounds.  Recent  operation  was 
at  M  -  3.5  in  gliding  flight  with  cyclic  and  collective  in¬ 
put.  After  70  hours,  the  bearings  were  inspected  -  and  re¬ 
installed  in  the  model. 

In  the  original  propulsive-rotor,  the  flap  control 
system  had  the  most  critically  loaded  bearings  operating  at  a 
frequency  of  about  12  cps,  operating  rpm  ol  725.  and  a  design 
load  of  1200  pounds.  A  damaging  factor  was  the  loss  of  lubri¬ 
cant  because  oi  the  CF  environment.  (KACarb  and  elastomeric 
bearings  require  no  lubrication.) 

Configuration  studies  have  evolved  a  nr-v  system  ge¬ 
ometry  of  considerable  promise.  This  is  made  po  lible  by 
separating  into  .hree  systems  the  functions  of  supporting  the 
end  shear  load  on  the  flap,  the  centrifugal  retention  load  of 
the  flap,  and  the  hinge  moment  required  to  drive  the  flap. 

The  entire  control  system  is  removed  from  the  high  CF  envi¬ 
ronment  at  the  blade'  tip  and  is  operated  inboard  where  the 
loads  are  considerably  lower.  Component  fatigue  lives  are 
greatly  improved,  and  the  new  system  will  be  stifler  than  the 
original  system  by  an  order  of  magnitude.  (Control  system 
flexibility  was  a  problem  during  testing.)  Insufficient  con¬ 
trol  bearing  iailure  rate  data  ate  available  to  run  a  quanti¬ 
tative  reliability  analysis,  but  a  qualitative  analysis  of 
the  new  system  with  KACarb  bearings  shows  a  reliability  im¬ 
provement  approaching  two  orders  of  magnitude.  Removal  ol 
the  control  cranks,  external  actuating  rod,  and  iiap  horn  at 
the  tip  results  in  an  aerodynamica 1 ly  efficient  airfoil  in 
the  high-velocity  tip  area. 

Hub  configuration  studies  have  led  to  an  Integrated 
rotor-and-hub  assembly.  The  physical  characteristics  of  a 
propulsive-rotor  blade  are  such  that  in-planc  bending  loads 
can  be  easily  accommodated  by  the  blade,  permitting  elimina¬ 
tion  of  lead-lag  bearings.  A  swashplate  for  flap  control, 
and  an  actuator  for  blade  pitch  control,  are  integral  with 
the  hub  assembly.  Full  advantage  is  taken  ol  the  charac¬ 
teristics  of  KACarb  and  elastomeric  bearings.  The  case  would 
bolt  to  solid  structure,  and  because  bending  loads  are  not 
taken  in  a  propeller  shaft,  a  light  quill  shaft  can  drive  the 
rotor.  By  integrating  the  blades,  hub,  and  flap  controls  in¬ 
to  a  total  system,  the  propulsive-rotor  is  removed  from  the 
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specialty  design  field  characteristic  of  helicopter  rotor 
systems.  It  can  be  applied  us  a  £>u*>-sy.stem  to  any  propel¬ 
ler-driven  V/STOL  airplane. 


AIRFRAME 

During  the  later  stages  of  the  research  test  stand 
the  Model  K-ltiB  aircraft  was  authorized  lor  the  purpose  of 
assisting  the  Bureau  in  the  establishment  of  both  flying 
qualities  and  structural  specifications  lor  the  coming  gener¬ 
ations  of  V/STOL  aircraft. 

Performance 

One  phase  of  the  program  required  a  wind  tunnel 
stability  investigation  using  a  powered  i/8-scale  model. 
Aerodynamic  predictions  of  suitable  stability  were  generally 
substantiated  except  for  directional  instability  with  the 
wing  down,  wing  flaps  retracted,  and  rotors  on.  It  was  de¬ 
termined  that: 

•  the  basic  very  high  wing  configuration 
contributed  large  side-wash  character¬ 
istics  that  kept  the  vertical  tail 
angle  of  attack  low  in  the  low  yaw 
range . 

•  the  rotors  contributed  a  large  desta¬ 
bilizing  yawing  moment  variation: 

•  the  dynamic  pressure  at  the  tail  was 
not  appreciably  reduced. 

Strain-gage  balance  data  of  the  propeller  side 
force  indicated  that  the  model  propeller  contributed  about 
twice  the  destabilizing  yawing  moment  coefficient  that  the 
full-scale  rotor  was  estimated  to  do.  The  model  configura¬ 
tion  was  made  stable  using  either  a  combination  of  end- 
plates  and  20-degrees  of  dihedral  of  the  horizontal  tail,  or 
by  additional  area  to  the  upper  portion  of  the  vertical  tail. 
Of  the  two,  the  latter  was  chosen. 

When  the  aircraft  configuration  was  initially  es¬ 
tablished,  a  trade-oft  was  indicated  between  simplicity  of 
wing  structure  and  wing  stall  in  transition.  It  was  reasoned 
that  though  there  would  be  transition  stall,  because  of  the 
low  "q's"  the  stall  would  be  of  relatively  little  signifi¬ 
cance.  So,  design  effort  was  concentrated  on  deriving  the 
simplest  and  lightest  wing  structure  for  a  rather  awkward 
structural  situation  typical  of  tilt-wing  types. 


There  was  no  surprise  at  the  indication  oi  transi¬ 
tion  stall  in  the  model  tests,  but  results  from  NASA  re¬ 
search  and  the  V-76  program  seemed  to  indicate  that  the  stall 
was  a  more  serious  problem  than  we  had  previously  believed. 

As  a  consequence,  additional  1/8-scale  model  testing  was  pro¬ 
grammed.  A  number  of  the  changes  investigated  included  a 
drooped  leading  edge,  leading  edge  slats,  and  an  increase  in 
flap  chord.  Ail  the  changes  resulted  in  improvements  in  the 
model's  characteristics;  the  best  improvement  was  with  the 
leading  edge  slats.  However,  the  improvement  with  the  drooped 
leading  edge  was  also  significant.  Because  the  latter  was 
the  simplest  change  and  could  be  made  as  a  removable  glove, 
it  was  chosen  as  the  modiiication  to  be  tried  during  the 
full-scale  wind  tunnel  tests. 


Full-scale  tunnel  testing  showed  that,  at  conditions 
in  which  the  K-16B  was  balanced,  the  wing  was  stalled.  With 
the  plain  leading  edge,  stall  was  indicated  between  25  and  70 
knots.  Contrary  to  expectations,  the  improvements  antici¬ 
pated  with  the  modified  leading  edge  did  not  materialize. 
However,  even  with  the  wing  stalled,  in  the  slipstream  the 
wing  tilt-angle  required  to  balance  the  aircraft  in  a  level 
flight  transition  is  satisfactorily  predicted. 


A  brief  wind  tunnel  investigation  was  made  at  ARC 
with  the  drooped  leading  edge  over  the  wing  outboard  of  the 
center  section,  and  a  leading  edge  slat  over  the  center  sec¬ 
tion.  This  slat,  Just  long  enough  to  cover  the  center  sec¬ 
tion,  was  one  that  ARC  had  used  in  another  program.  The  slat 
helped  the  center  section,  but  then  stall  would  occur  be¬ 
tween  the  Flat  and  the  propeller  slipstream  and  spread  span- 
wise.  As  a  result,  the  drooped  leading  edge  had  little  bene¬ 
ficial  effect.  No  investigation  was  made  using  stall  fences 
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The  horizontal  tail  was  also  stalled  throughout 
most  of  the  transition,  probably  as  a  result  of  being  in  the 
turbulent  wake  of  the  wing.  The  limited  tests  with  the  cen¬ 
ter  section  slat  produced  a  consideraule  improvement  in  the 
flow  over  the  tail.  But  there  is  a  rather  large  variation  in 
downwash  angle  over  the  speed  range,  causing  the  tail  to  pro¬ 
duce  undesirable  nose-up  pitching  moments  during  the  latter 
part  of  the  transition.  It  appears  that  a  variable  incidence 
tail  is  called  for  to  correct  the  moments. 


An  analysis  in  the  following  section  (Full-Scale 
Wind  Tunnel  Test)  shows  slipstream  stall  to  be  eliminated 
and  center  section  stall  to  be  minimized  by  using  leading  edge 
slats.  The  elimination  of  stall  will  improve  the  i low  over 
the  tail,  making  it  more  effective  in  assisting  control  of 
the  airplane. 
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The  demands  made  of  the  propulsive-rotor  for  K-16B 
hover  capability  are  supplemented  by  deflection  oi  the  slip¬ 
stream  with  a  minimum  loss  through  an  angle  sufficient  to 
make  the  resultant  force  vertical. 

Initial  tests  of  wing  lift  effectiveness  were  made 
on  the  Phase  II  bench  stand.  They  indicated  a  turning  angle 
of  21.8  degrees.  Later,  1/8-scale  tests  indicated  a  static 
thrust  turning  effectiveness  of  20  degrees.  The  drag  data 
from  the  ARC  tests  were  so  scattered  that  any  angle  from  4 
degrees  to  22  degrees  could  be  obtained.  It  was  possible, 
though,  by  working  backward  from  the  thrust  data  and  keeping 
reasonable  drag  values,  to  estimate  values  of  16  degrees  and 
95  per  cent  for  the  turning  angle  and  efficiency,  respective¬ 
ly.  The  analytical  procedures,  therefore,  are  believed  use¬ 
ful  for  preliminary  prediction  of  turning  angles  and  effi¬ 
ciencies.  This  subject  is  treated  in  detail  in  the  correla¬ 
tion  of  the  full-scale  test  data. 

The  effectiveness  of  the  K-16B  wing-flap  combina¬ 
tion  can  be  further  improved  by  increasing  the  flap  chord. 
Future  designs  will  probably  include  larger  flap  span,  nar¬ 
rower  nacelles,  and  possibly  double-slotted  flaps  to  further 
improve  slipstream  turning  angle. 


Performance  Improvement 

The  effect  of  stall  on  handling  qualities  is  most 
critical  for  the  approach  conditions  because  the  approach 
will  be  a  low-speed  transition  condition;  the  airplane  will 
be  in  the  low-speed  condition  for  appreciable  lengths  of 
time;  wing  stalling  makes  the  fly'ng  qualities  the  worst  in 
this  condition.  In  addition,  the  effect  of  stall  on  the 
power  required  is  of  importance  in  relation  to  minimum 
engine -out  speed  or  minimum  approach  speed . 

The  tendency  of  flaps  to  reduce  stall  in  transi¬ 
tion  is  primarily  a  result  of  the  flaps  turning  the  propel¬ 
ler  sLipBtream  through  a  substantial  angle,  thereby  reducing 
the  angle  of  attack  of  the  wing-propeller  combination  and 
consequently  the  wing  angle  of  attack.  The  increase  by  the 
flap  of  the  basic  maximum  lift  coefficient  of  the  wing  is  a 
contributing  factor. 

The  effect  of  the  flap  in  deflecting  the  slip¬ 
stream  determines  the  wing  attitude  angle  required  to  sustain 
the  aircraft  in  equilibrium  flight  at  a  particular  speed  con¬ 
dition.  By  increasing  the  size  of  the  flap  there  will  be 
an  increase  in  flap  lift  effectiveness,  thus  requiring  a 


lower  wing  tilt  angle  with  the  resultant  lower  wing  angle  of 
attack.  Further  improvement  will  result  from  changing  to  a 
down-at-center  propeller  rotation.  Down-at-center  rotation 
delays  inboard  stall  because  oi  the  reduced  rngle-of-attack , 
and  the  strong  tip  vortex  tends  to  keep  the  tip  area  from 
stalling. 

As  a  corrollary,  the  elimination  of  wing  stall  will 
improve  the  flow  over  the  tail,  making  it  more  effective  in 
the  transition. 

With  flapped  wings,  it  is  new  apparent  to  make  con¬ 
siderable  use  of  leading-edge  high-lift  devices  to  evoid 
early  leading-edge  separation,  so  that  maximum  potential  of 
the  trailing-edge  flaps  can  be  realized. 

Structure 

The  K-16B  flight  envelope  approaches  that  of 
operational  aircraft.  Extensive  static  and  dynamic  struc¬ 
tures  stress  analyses  supported  by  several  tests  were  per¬ 
formed.  On  the  whole,  little  difficulty  was  encountered 
because  of  the  conservative  approach  to  design,  but  a  few 
problems  did  arise. 

The  fuselage  and  landing  gear  stress  analyses 
showed  the  JRF-5  to  be  structurally  adequate  for  the  K-16B 
criteria  except  for  two  minor  areas.  The  modifications  are 
simple  and  are  outlined  in  KAC  Reports  G-113-25  App .  1  (30) 
and  G-113-18  Rev.  A  (23). 

The  wing  stress  analysis  was  substantiated  by 
proof-load  testing  of  two  conditions  adjudged  most  critical. 
While  relieving  load  following  completion  of  the  final  test, 
a  malfunction  of  test  equipment  caused  a  momentary  very  high 
localized  load,  resulting  in  some  damage  to  the  wing.  A 
temporary  repair  coiisibtirK  oj.  a  doubler  over  tf.c  existing 
lower  skin  and  covering  one  rib  bay  was  determines  to  be 
adequate  for  all  projected  ground  and  wind  tunnel  testing. 

A  permanent  repair,  adequate  for  flight,  has  been  planned. 

Structural  dynamic  analyses  were  substantiated  by 
a  vibration  survey  of  the  complete  airframe.  Some  of  the 
data  shewed  high  lateral  peaks  at  the  hub  on  the  upper  side 
of  the  operating  range  with  anti-symmetric  excitation.  The 
motion  was  noticeable  on  the  left-hand  nacelle.  Local  stif¬ 
fening  reduced  the  amplitude  and  raised  the  frequency  of 
this  peak  out  of  the  operating  range.  The  end  result  of  the 
testing  found  that  rotor  and  structural  damping  were  more 
than  adequate  to  prevent  divergent  oscillations  in  those 
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regions  of  resonance  that  might  appear  in  the  operation 
range  (KAC  Reporv  G-113-27) (32) . 
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qualities  on  the  NAA  analog  simulator,  the  Bureau  requested 
that  a  stability  augmentation  system  be  investigated  for  the 
K-16B.  It  was  found  that  several  systems  of  relatively 
little  complexity  had  already  been  developed,  including  some 
under  contract  to  the  Navy,  and  that  two  of  the  systems  were 
compatible  with  K-16B  requirements.  The  system  selected  was 
a  three-axis  rate  damping  system  in  which  gain  and  authority 
were  30  per  cent,  and  both  gain  and  authority  under  the  con¬ 
trol  of  the  pilot  in  stepped  inputs.  The  system  was  composed 
of  stabilization  networks  and  gyros  developed  for  the  HTb-7 
helicopter  and  of  hydraulic  dampers  used  in  the  F100C  damper 
system. 


POWER- AND-DRIVS  SYSTEM 


The  power-and-dr ive  system  has  had  two  particular 
problems  -  failure  of  the  sprag-type  over-running  clutch  in 
the  main  transmission,  and  turbine  rub  in  the  YT58-GE6  power 
turbine.  Considerable  effort  has  been  expended  on  these 
problems  and,  to  date,  a  significant  improvement  has  been 
made  In  reducing  the  rate  of  failure.  Solution  of  the  one 
problem  will  undoubtedly  lead  to  solution  of  the  other. 

After  failures  of  two  of  the  original  sprag 
clutches,  a  change  was  made  to  a  higher  capacity  unit.  Fol¬ 
lowing  a  failure  of  this  unit,  a  detailed  analysis  of  tbe 
drive  systeM  was  completed.  This  analysis,  substantiated  by 
test,  indicated  that  a  resonance  occurred  close  to  two-per- 
rev  cf  the  engine  drive  shaft. 

The  effective  misalignment  of  the  engine  drive 
shaft  is  1.86  degrees.  Bench  tests  of  the  clutch  revealed 
that  sprag  engagement  caused  elliptical  deflections  of  the 
outer  race  that  were  proportional  to  the  applied  shaft 
torque.  This  caused  the  clutch  to  act  as  a  torsional  spring 
of  much  lower  rate  than  a  structural  analysis  based  on  radial 
loading  would  indicate. 

An  eleven-degree-of -freedom  torsional  analysis  in¬ 
dicated  a  natural  frequency  of  11,755  cpm  in  the  fifth  mode. 
This  is  almost  exactly  two-per-rev.  An  earlier  but  simpler 
analysis  bad  not  detected  this  frequency. 

To  corroborate  analysis,  and  to  determine  the  ef¬ 
fect  of  tbe  torsional  damping  inherent  in  the  system,  a  rig 
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runup  test  was  performed  with  strain-gages  on  the  drive- 
shaft.  Results  showed  a  torsional  natural  frequency  at 
11,400  cpm ,  and  vibratory  torque  (two-pcr-rev)  of  +1200  lb- 
in,  or  20  per  cent  of  normal  steady  torque  in  the  driveshaft. 
O Iculation  of  the  shape  of  the  fifth  mode  indicated  that  the 
vibratory  torsion  in  the  transmission  input  shaft,  from  the 
Hookes-coupling  excitation  in  the  engine  driveshaft,  would  be 
37  per  cent  of  normal  torque.  During  an  attempt  to  obtain 
further  data,  the  excessively  high  two-per-rev  torque  result¬ 
ed  in  failure  of  the  sprag  unit. 

To  reduce  the  resonant  amplification,  the  torsional 
natural  frequencies  were  shifted  by  changing  the  driveshaft 
from  aluminum  to  a  dimensionally  identical  steel  shaft,  re¬ 
sulting  in  a  3:1  reduction  in  torsional  vibratory  loads. 

The  fact  that  the  high  vibratory  loadings  experi¬ 
enced  in  this  case  were  caused  by  an  effective  misalignment 
of  only  1.86  degrees  illustrates  the  potential  seriousness  of 
Hookes-joint  aynamic  excitation. 

Concurrent  with  the  sprag  clutch  problems  was  a 
turbine-rub  probleir .  Measurements  of  the  vibration  on  the 
YT58  main  reduction  gearbox  indicated  a  strong  two-per-rev  of 
this  part.  By  adding  a  redundant  mount  to  the  gearbox,  the 
vibration  level  was  reduced  and  life  of  the  power  turbine  in¬ 
creased  slightly. 

Further  Investigation  into  the  source  of  this  vibra¬ 
tion  indicated  that  additional  reduction  in  the  level  could 
be  obtained  through  redesign  of  a  special  universal  Joint 
adjacent  to  the  gearbox.  When  incorporated  into  the  airplane 
while  at  ARC,  another  increment  of  improvement  resulted.  A 
natural  question  would  be  -  why  not  use  a  constant  velocity 
joint?  Simply,  system  geometry  and  envelope  prevented  the 
use  of  any  available  standard  unit. 

These  drive  system  problems  ate  probably  due  to  two 
factors  -  the  necessary  structural  and  drive  system  geometry 
to  accommodate  the  engine  installation,  and  to  unknown  and 
unanticipated  dynamic  problems  in  the  engine  itself,  intro¬ 
duced  by  the  unorthodox  installation. 

The  limited  data  taken  on  the  power-and-drlve  sys¬ 
tem  vibratorie6  indicate  that  the  largest  magnitude  exists  in 
the  engine-engine  dr iveshaf t-angle  box  area.  A  vibration 
survey  of  the  airframe-installed  system  will  disclose  the 
source.  If  in  the  driveshaft  system,  a  redesign  to  incorpo¬ 
rate  constant-velocity  Zurn  or  Bossier  joints  will  eliminate 
the  two-per-rev  forcing  function  of  the  present  Joints.  If 
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In  the  engine,  then  it  must  bo  qualified  for  all-angle  oper¬ 
ation,  assuming  the  present  nacelle-mounted  Installation  is 
to  be  kept.  Eliminating  these  vibratories  will  eliminate  the 
sprag  clutch  and  turbine  rub  problems. 

Early  in  the  endurance  stand  operation  a  failure 
occurred  in  the  main  transmission  input  shaft.  It  was  a  fa¬ 
tigue  failure  attributed  to  high  vibratory  bending  moments 
arising  from  the  cantilever  design  of  the  shaft  on  which  the 
sprag  clutch  was  installed.  The  shaft,  was  redesigned  and  the 
clutch  relocated  to  provide  better  support  for  the  Bhaft. 


MISCELLANEOUS 

Upon  completion  of  the  airplane  it  underwent  func¬ 
tional  tie-down  testing.  No  particular  schedule  of  operating 
hours  was  progra-cmed ;  tic-down  was  to  be  merely  a  functional 
checkout.  During  the  testing,  which  accumulated  slightly  in 
excess  of  6  hours,  all  systems  were  operated  both  with  and 
without  the  power-and-drive  system  running.  Operation  in¬ 
cluded  traversing  the  wing  through  its  tilt  range  with  the 
rotors  operating  at  rated  power  and  rpm;  operating  the  wing- 
flap  system;  controls  -  both  airplane  and  helicopter;  and  the 
various  ancillary  systems.  The  remote  instrumentation  set-up 
for  the  full-scale  wind  tunnel  operation  was  also  checked 
out . 

None  of  the  blade-flap  control  problems  that  were 
to  arise  at  ARC  and  on  the  endurance  stand  were  evident 
during  this  operation.  This  could  well-be  because  the  pilots 
were  not  holding  high  cyclic  inputs  for  any  appreciable 
length  of  time.  The  major  problem  encountered  was  excessive 
control  break-out  forces  resulting  from  a  multiplicity  of 
small -diameter  pulleys  required  to  accommodate  the  existing 
fuselage  structure.  To  correct,  a  boost  system  using  exist¬ 
ing  in-house  components  has  been  designed. 


Following  functional  tiedown  testing,  the  K-1GB  was 
shipped  to  NASA,  Ames  Research  Center  (ARC),  lor  a  brief 
evaluation  in  the  40x80  loot  wind  tunnel.  Operation  of  all 
aircraft  systems  while  in  the  tunnel  was  by  remote  control; 
similarly,  data  was  taken  remotely.  IL  was  a  mandatory  re¬ 
quirement.  of  ARC  that  prior  to  wind  tunnei  tests  all  systems 
-  airframe,  remote  control,  instrumentation  -  be  demonstrated 
on  a  6tatic  thrust  stand.  This  operation  was  expanded  to 
take  hover  uata  in  the  areas  of  rotor  thrust  and  control  ef¬ 
fectiveness  -  data  that  could  not  be  taken  in  the  tunnel  be¬ 
cause  of  recirculation.  The  wind  tunnel  operation  was  con¬ 
cerned  with  rotor  thrust,  control  effectiveness,  and  wing 
stall  in  transition,  and  blade  flapping  and  damping  in  for¬ 
ward  flight. 

The  results  of  the  thrust  investigation  at  both  the 
static  stand  and  the  wind  tunnel  denote  that  the  thrust  de¬ 
veloped  by  the  presently  configured  rotor  is  approximately 
10  percent  less  than  that  projected  in  the  original  design. 
Control  effectiveness  is  dependent  to  some  extent  on  devel¬ 
oped  thrust,  so  there  Is  a  decrease  in  control  moment  com¬ 
pared  with  that  originally  predicted.  Wing  stall  charac¬ 
teristics  appeared  more  severe  than  those  encountered  during 
1/8-scale  model  wind  tunnel  tests.  No  problems  arose  as  a 
result  of  the  blade  flapping  and  damping  investigation  -  the 
rotor  was  well  damped  and  responded  as  predicted. 

Working  from  the  ARC  data  we  have  shown  the  valid¬ 
ity  of  the  analytical  treatment  of  rotor  performance;  that 
the  performance  degradation  was  due  te  oil -optimum  test 
hardware.  The  off-optiraum  characteristics  result  from  a 
rotor  designed  before  the  availability  of  adequate  criteria, 
and  not  updating  the  hardware  as  additional  criteria  did 
become  available,  because  the  program  was  a  research  effort, 
not  a  product  improvement  program.  By  varying  several  para¬ 
meters  of  the  rotor  system,  sufficient  thrust  can  be  provid¬ 
ed  to  assure  vertical  flight  performance  of  the  K-16B  at  any 
feasible  gross  weight.  This  thrust  improvement  will  also 
provide  an  increment  of  improvement  in  control  effectiveness. 

The  stalling  tendencies  can  be  improved  on  all  sec¬ 
tions  of  the  wing  by  two  modifications.  One  is  to  increase 
the  size  and  effectiveness  of  the  wing  flap.  An  increase  in 
flap  lift  effectiveness  will  require  a  lower  wing  tilt  angle 
to  sustain  the  aircraft,  and  so  a  lower  wing  angle  of  attack. 
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The  second  modll lcat ion  is  the  installation  of  leading  edge 
slats.  Because  slats  sustain  load  they  reduce  wing  loading, 
hence  angle  of  attack  required.  At  the  same  time,  a  well- 
designed  slat  will  increase  the  stalling  angle  of  attack. 

An  analysis  has  indicated  that  the  stall  in  the  area  of  t he¬ 
wing  swept  by  the  slipstream  can  be  eliminated,  and  that 
center  section  stall  can  be  greatly  alleviated,  both  in 
level  flight  and  at  reasonable  rates  of  descent  during 
transition. 

A  generalized  treatment  oi  the  problems  has  been 
given  in  the  preceding  section.  This  section  will  present 
an  analysis  and  correlation  of  the  test  data.  In  Appendix 
C  are  descriptions  of  the  test  equipment  and  operation,  and 
in  Table  VI  oi  the  appendix  are  parameters  of  the  various 
test  runs.  In  Appendix  D  is  the  derivation  of  analytical 
methods  for  determining  propulsive-rotor  performance  in 
hover,  transition,  and  forward  flight. 


HOVER 


The  usual  propeller  is  designed  to  operate  in  the 
cruising  condition  at  the  ideal  angle  of  attack  for  each  sec¬ 
tion  along  the  blade.  This  can  be  done  because  the  radial 
variatiou  in  ideal  angle  of  attack  can  be  made  coincident 
with  the  twist  distribution  for  the  design  condition.  But 
this  leads  to  a  rather  highly  twisted  blade  (about  40  de¬ 
grees)  with  a  hyperbolic  distribution.  In  this  case,  static 
thrust  is  of  secondary  importance.  However,  for  the  VTOL 
aircraft  static  thrust  is  of  primary  importance. 

Either  camber  or  blade  area  must  be  increased  to 
generate  enough  static  thrust  for  vertical  take-off.  Fur¬ 
thermore,  1  !ic  twist  should  be  lower  with  a  linear  distribu¬ 
tion.  But  a  blade  with  these  characteristics  will  have  un¬ 
acceptably  poor  efficiency  at  the  low  thrust  coefficients 
required  for  partial  power  cruise.  Hence,  there  is  a  cruis¬ 
ing  efficiency  penalty  inherent  in  a  high-act Iv ity-f actor , 
static-thrusting  propellei . 

For  example,  to  satisfy  hovering  requirements  a 
highly-cambered  airfoil  is  necessary  10  obtain  a  high  blade 
loading.  But  the  rapid  drop  in  required  thrust  from  hover  to 
forward  flight  forces  the  propeller  to  operate  at  low  thrust 
coefficients  in  cruise.  To  operate  efficiently  at  these  low 
coefficients,  a  low  solidity  and  a  lower  camber  is  needed  to 
keep  blade  loading  near  the  maximum  lift/di tg  ratio  on  the 
blade  section.  It  would  appear  profitable  to  vary  camber  to 
provide  a  high  camber  in  hover  and  a  lower  camber  in  cruise. 
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Wo  accomplish  this  camber  variation  by  flaps  in  The 
blades.  This  allows  the  selection  of  a  blade  profile  that  is 
compatible  with  the  high-speed  propeller  requirements,  but  by 
collect  ivc  flap  deflection  attain  tho  higher  lift  coefficients 
(because  of  the  greater  virtual  camber)  required  for  novel 
performance,  and  with  ample  margin  for  necessary  cyclic  con¬ 
trol  without  stall. 


Performance  (Propulsive-Rotor) 

Te s 1 6  were  made  on  a  static  thrust  stand  to  deter¬ 
mine  the  performance  and  controllability  oi  the  aircraft  in 
simulated  hovering  flight.  Because  the  K-16B  propulsive- 
rotor  blade  loading  is  varied  by  introducing  camber  with  a 
flap  on  each  of  the  blades,  static  performance  tests  were  run 

with  various  values  of  collective  blade-flap  dof lect ion , . 


A  schematic  force  diagram  of  the  static  stand  is  shown  in 
Figtire  20. 


/I 
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Thrust  was  not  measured  directly.  The 
mounted  on  three  load  cells  corresponding  to  the  three  wheels, 
lift  and  drag  forces  were  measured,  and  pitching  moment  de¬ 
termined.  The  resultant  of  the  lift  and  drag  is  essentially 
the  thrust  except  for  the  drag  of  the  nacelle  and  that  part 
of  the  wing  affected  by  the  slipstream.  With  the  wing  flaps 
up,  this  has  been  estimated  to  be  a  drag  oi  6.07q,  which 
yields  an  approximate  nacelle  and  wing  slipstream  drag  of  1.3 
percent  of  the  thrust.  Therefore,  the  resultant  force  is 
less  than  the  rotor  thrust  by  about  60  pounds  in  4500  pounds. 
The  resultant  force  is  presented  as  a  function  of  shaft  horse¬ 
power  In  Figure  21a,  and  is  compared  with  the  results  of  a 
static-thrust  strip-analysis  (Appendix  D,  Figure  83), 


Both  the  calculated  and  the  test  results  were  re¬ 
duced  to  shaft  horsepower  at  the  engine  output  shaft.  The 
turbine  output  power  was  corrected  for  both  engine  reduction 
gear  losses  and  for  lose  for  operating  at  non-optimum  rpm. 
Engine  inlet  temperature  was  measured  near  the  compressor 
face.  Inlet  pressure  was  not  measured,  so  no  correction  was 
made  for  inlet  duct  losses,  although  the  loss  is  estimated  to 
be  2  porcent . 


Insufficient  data  were  obtained  for  the  construc¬ 
tion  of  a  complete  performance  map  of  thrust  versus  power  for 
various  flap  deflections.  Nevertheless,  the  experimental 
data  that  were  obtained  agree  fairly  well  with  the  envelope 
of  the  calculated  performance  map  (Figure  21b)  .  The  drag  due 
to  the  flapped  wing  in  the  slipstream  6eems  to  be  reflected 
in  the  test  data  of  the  figure  where,  with  46  degrees  of  wing 
flap,  the  resultant  force  is  reduced  by  300  pounds  for  the 
same  power . 


Because  of  the  agreement  between  the  analytical  and 
tbs  experimental  results,  the  analysis  car.  ascertain,  the  ele¬ 
ments  that  determine  performance.  For  example,  subtracting 
transmission  losses  from  the  test  point  corresponding  to 
7700  pounds  of  resultant  force  (Cj/cr'  -  0.163)  at  15  degrees 

of  collective  flap  (Point  A,  Figure  21a)  moves  it  to  the  left 
for  a  rotor  horsepower  of  1523.  The  rotor  f igure-of -merit  is 
then  0.615.  This  point  closely  corresponds  to  the  peak  of 
the  theoretical  curve  for  a  collective  flap  deflection  of 
12.5  degrees,  shown  in  Figure  83.  Figure  22  shows  the  radial 
variation  of  M,  Qt/®',  and  L/D  for  this  condition. 

Figure  22a  discloses  that  the  mean  f igure-of-mer it 
is  reasonable  despite  local  discontinuities.  The  dip  at  Sta. 
.50  is  caused  by  vortices  generated  a*-  the  flap  inboard  junc¬ 
ture;  that  at  Sta.  .95  by  the  flap/tip  juncture  and  the  draj 
of  the  external  chordwise  flap-control  rod.  The  lift-drag 
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ratio  in  the  ilap  region  is  fairly  low,  because  of  the  drag 
due  to  tne  15  degrees  of  flap  deflection. 

A  number  of  possible  changes  to  the  rotor,  discuss¬ 
ed  in  the  preceding  section,  led  to  a  reduction  of  deflection 
from  13  degrees  to  5  degrees.  Figure  22b  illustrates  the  ad¬ 
vantages  to  static  i igure-of-mer it  by  so  reducing  the  col¬ 
lective  deflection.  The  reason  is,  the  variation  of  drag  co¬ 
efficient  increment  with  flap  deflection  is  approximately 
parabolic,  whereas  the  lift  coefficient  varies  linearly. 
Hence,  there  is  a  better  L/D  at  low  flap  deflections  than  at 
high  flap  deflections. 

With  lower  flap  deflections,  though,  a  lower  thrust 
coefficient  Is  obtained  at  the  original  design  tip  speea .  An 
increase  in  tip  speed  permits  the  required  thrust  to  be  gen¬ 
erated  at  the  lower  coefficient,  as  is  shown  in  Figure  22b. 
However,  tip  speed  is  limited  by  the  onset  of  drag  and  lift 
divergence  because  of  compressibility.  When  this  occurs,  the 
required  thrust  can  be  attained  only  by  an  increase  in  basic 
camber.  But,  the  inability  to  decrease  basic  camber  when 
thrust  requirements  drop  off  at  cruise  leads  to  negative 
thrust  on  large  portions  of  the  blade,  and  decreases  the 
blade  lift-drag  ratios.  There  is,  then,  an  optimum  combina¬ 
tion  of  blade  design  parameters  and  variable  camber  for  any 
particular  thrust-speed  variation. 

Performance  (Wing-Flap) 

The  performance  of  the  wing-flap  combination  in  the 
static  thrust  condition  is  manifested  by  the  slipstream  turn¬ 
ing  angle  0,  and  the  turning  efficiency  F/T;  that  is,  the 

percentage  of  thrust  that  is  left  after  the  slipstream  is 
turned.  Turning  angle  test  results  are  given  in  Figures  23, 
24,  and  25. 

The  aircraft  was  tested  with  the  fuselage  mounted 
in  a  nose-up  attitude  (approximately  14  degrees  which  is  3 
degrees  greater  than  normal  ground  attitude)  ,  and  the  wing  in 
several  tilt  positions.  Lift  and  drag  forces  were  measured 
in  the  vertical  and  horizontal  directions,  respectively.  Re¬ 
ferring  to  the  diagram: 


(Diagram  on  next  page  of  text) 
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The  slipstream  turning  angles  obtained  from  the 
data  of  Figure  24  and  25  are  shown  in  Figure  23.  The  large 
scatter  in  the  drag  curves  of  Figures  24  and  25  have  a  more 
profound  effect  on  turning  angle  than  on  resultant  force. 

For  example,  using  the  Run  5  data  from  Figure  24,  turning 
angles  of  from  20  to  22  degrees  are  obtained.  Rut  taking  the 
drag  data  from  the  faired  curve,  angles  from  14  degrees  to  16 
degrees  are  obtained.  Including  the  drag  data  from  other 
runs,  turning  angles  as  low  as  4  degrees  were  obtained  with 
40  degrees  of  wing  flap  deflection.  The  scatter  in  the  drag 
data  is  such  that  turning  angles  determined  using  these  data 
are  inconclusive.  One  possible  reason  may  be  the  extrinsic 
tail  wind  that  prevailed  during  most  of  the  tests  which 
would  change  the  wing  angle  of  attack  in  the  slipstream,  with 
its  consequent  effect  on  the  measured  lift  and  drag 
components . 

An  indication  of  the  turning  efficiency  can  be  had 
by  observing  the  ratio  of  the  resultant  force  with  the  wing 
flaps  deflected  to  that  with  the  wing  flaps  neutral,  at  the 
same  pitch  angle.  The  assumption  mac'^  under  these  conditions 
is  that  the  drag  of  the  nacelles  and  plain  wing  is  negligible 
compared  to  the  drag  of  the  wing  with  the  flaps  extended. 
These  results  are  shown  at  the  top  of  Figure  23  and  are 
labelled  F/T. 

Figure  2  of  NACA  Memo  1-I6-59L(55)  was  used  as  an 
aid  to  interpret  the  results  of  these  tests.  With  .40C  flap, 
the  flap  chord  diameter  ratio  is  0.174.  Using  the  faired 
curve  (Ibid),  a  turning  angle  of  about  19  degrees  is  indi¬ 
cated.  If  the  data  points  of  this  figure  are  used  instead  of 
the  faired  curve,  a  turning  angle  of  16  degrees  Is  probable, 
which  is  in  approximate  agreement  with  most  of  these  test 
results.  The  turning  efficiency  for  the  slotted  flaps,  inti¬ 
mated  in  the  reierence,  is  not  quite  attained  in  these  tests. 
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An  analytical  approach  toward  interpreting  these 
results  can  be  made  by  reducing  the  slipstream  turning  angle, 

0,  and  efficiency,  F/T,  in  terms  of  ordinary  wing  lift  and 

a  rag  <;u6 1 1  icitrut  j  .  Referring  "to  t  i*c  next  sketch  » 
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Substituting  equation  (3)  into  (2) ,  and  dividing 
through  by  (qresS) : 
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Substituting  equation  (3)  into  the  above: 
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Thus,  the  turning  angle  0  and  efficiency  F/T  can 
be  expressed  in  terms  of  ordinary  ilft  and  drag  coefficients 

CL  and  cD. 


I 


To  determine  the  value  of  and  Cj,  for  equations 

(4)  and  (5),  the  test  data  can  be  used.  For  example,  rear¬ 
ranging  Equation  (5) : 


CL  ‘ 


tu 


S  »  o 


(6) 


and  using  Equations  (4)  and  (6) 


Nit  R2 


tan  0 


The  constant,  k^  ,  is  the  proportion  of  the  theoret¬ 


ical  velocity  in  the  ultimate  wake  that  actually  exists  at 
the  aerodynamic  center.  As  it  is  not  precisely  known,  the 
values  of  and  are  presented  as  a  function  of  kj^  in 

Figure  26.  They  are  given  for  the  basic  configuration  with 
. 40C  wing  flap  for  one  of  the  points  shown  in  Figure  23,  for 

a  turning  angle  of  (0-16  deg)  and  an  efficiency  of  (F/T  - 

0.95).  The  maximum  value  of  k^  (0.79)  is  the  theoretical 


value  found  by  the  momentum  theory  of  KAC  G-113-4,  Appendix 
B  (9)  . 


The  Cl  and  Cp  curves  of  Figure  26  reveal  some  rea¬ 
sonable  values  of  Clt  Cjj,  and  k^ ,  which  are  likely  to  yield  a 
measured  0  and  F/T.  The  lift  and  draf-  coefficients  must 

first  be  corrected  for  the  effect  of  partial  span  flaps,  for 
only  a  portion  of  the  wing  is  immersed  in  the  slipstream. 

The  flap  lift  and  drag  increments  can  be  obtained  from  NACA 
WR  L-441  (56),  or  from  the  power-off  wind  tunnel  data,  exhib¬ 
ited  in  Figure  27,  corrected  for  partial  span  by  the  method 
of  NACA  TN  3911  (57).  Applying  these  corrections  leads  to  a 
lift  coefficient  of  0.75,  and  a  drag  coefficient  of  0.23. 
Referring  to  Figure  26,  these  values  of  lift  and  drag  coeffi¬ 
cient  in  turn  lead  to  a  turning  angle,  0  ,  of  16  degrees  at 
a  k^  of  approximately  0.74.  This  seems  to  indicate  that  the 
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slipstream  velocity  at  the  aerodynamic  center  is  less  than 
that  theoretically  inferred  from  momentum  considerations. 

The  effect  of  lift  and  drag  coefficients  on  the 
slipstream  turning  efficiency  and  angle  is  more  graphically 
illustrated  in  Figure  28.  It  was  constructed  using  Equations 
(4)  and  (5).  This  figure  implies  that  it  is  more  benelicial 
to  increase  the  flap  lift  increment  rather  than  to  reduce 
the  drag  coefficient.  Using  this  figure,  with  k^  “  0.75  and 

0  ■  16  degrees,  the  lift  coefficient  is  0.725  at  a  drag 

coefficient  oi  0.25.  Increasing  the  lift  coefficient  to 
1.025  increases  the  turning  angle  to  22.2  degrees,  and  the 
turning  efficiency  from  0.945  to  0.975.  The  figure  also 
shows  that  with  given  lift  and  drag  coefficients,  only  one 
turning  angle  can  result  unless  the  velocity,  ,  at  the 
aerodynamic  center  changes. 

With  the  previously  derived  values  of  lift  and  drag 
coefficients,  and  a  value  ol  0.74  for  k^,  the  resulting  angle 

is  16  degrees  and  the  efficiency  94.3  percent.  These  points 
agree  fairly  well  with  the  test  points  of  DTMB  Report  998 
(47),  and  somewhat  with  those  given  in  NACA  Memo  I-16-59L 
(55)  by  the  test  points  for  the  same  configuration,  namely, 

0-16  degrees,  F/T  -  0.98.  These  charts,  therefore,  can 

serve  as  a  guide  to  the  effect  of  configuration  changes  on 
turning  efficiency  and  angle.  Table  II  summarizes  the  angles 
and  efficiencies  indicated  by  various  methods  for  this 
condition . 


(Table  II  on  next  page  of  text) 
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Controllability 

Control  of  the  K-16B  in  hovering  and  low-speed 
flight  is  primarily  attained  by  cyclic  flapping  and  collect¬ 
ive  pitch  displacement  of  the  rotor  blades.  Longitudinal 
control  moments  are  the  result  of  the  cyclic  deflection  of 
the  blade  flap,  which  induces  flapping  about  the  axis  paral¬ 
lel  to  the  wing  span.  Lateral  and  directional  control  mo¬ 
ments  are  functions  of  differential  blade  pitch  between  the 
left  and  the  right  rotors,  and  of  lateral  cyclic  flapping. 

The  lateral  and  directional  controls  must  be  properly  phased 
to  result  in  control  moments  about  the  respective  body  axis. 
For  example,  lateral  flapping  results  in  a  yawing  moment 
about  the  vertical  axis  through  the  wing.  Because  of  the 
partial  wing-tilt,  this  moment  has  two  components  in  the  body 
axes  -  yaw  and  roll.  To  counteract  the  rolling  moment  re¬ 
sulting  from  lateral  flapping,  differential  collective  pitch 
Is  introduced  in  the  opposite  sense.  The  system  is  fully  de¬ 
scribed  in  KAC  Report  G-113-4  (9) .  (Also  see  Appendix  A) . 

It  was  one  of  the  purposes  of  the  full-scale  tests  to  deter- 
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mine  the  degree  to  which  compensating  moments  were  necessary 
to  obtain  pure  body  axis  moment  control.  Another  purpoee 
was  to  determine  the  amount  and  phase  relationship  of  blade 
flapping,  and  the  cyclic  blade-flap  deflection.  This  rela¬ 
tionship  is  called  "cyclic  sensitivity" . 


Cyclic  Sensitivity 


Part  of  the  control  moment  is  due  to  a  centrifugal 
moment  about  the  rotor  hub  resulting  from  the  offset  flapping 
hinge  and  the  blade  flapping  (Ibid).  The  flapping  hinge  off¬ 
set  changes  the  cyclic  sensitivity  and  the  natural  frequency 
of  flapping  to  bring  the  system  off  resonance.  The  degree  to 
which  the  system  is  of f-resonance  is  a  function  of  the  offset, 
the  first  mass  moment  about  the  flapping  hinge,  pitch-flap¬ 
ping  coupling,  and  the  thrust  coefficient  for  the  particular 
flap-chord  ratio.  The  flapping  equations  of  motion  are  given 
in  Appendix  D.  These  equations  yield  the  longitudinal  cyclic 
sensitivity  and  phase  angle  shown  on  Figure  86.  The  para¬ 


meter 


this  figure  js  defined  as: 
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where : 


e  •  flapping  ninge  offset,  ft 
m^  •  blade  mass,  slugs 

r  ■  distance  from  the  flapping  hinge  to 
blade  c.g. 

c  “  blade  chord,  ft 
R  ■  blade  radius,  ft 
a  "  lift  curve  slope 


It  is  apparent  from  Figure  86  that  for  constant 
offset,  such  as  exists  on  the  K-16B  rotor,  as  the  blade  gets 
heavier  or  the  c.g.  moves  outboard,  the  longitudinal  cyclic 
sensitivity  is  reduced  and  the  phase  angle  moves  from  90  de¬ 


grees  . 


The 


introduction  of 


negat ive 


brings  the  flapping 


motion  back  toward  resonance  and  returns  the  cyclic  sensi¬ 
tivity.  Point  A  of  Figure  86  indicates  the  position  of  the 
original  design  of  the  K-16B  rotor.  Subsequent  modifications 
led  to  a  blade  that  is  represented  approximately  by  Point  C. 

The  angle  built  into  the  blade  is  -28  degrees,  and  the 


azimuth  is  indexed  at  21  degrees.  As  a  result,  the  phasing 
was  expected  to  be  about  13  degrees  off  at  the  maximum  thrust 
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coefficient,  and  the  cyclic  sensitivity  down  to  0.47.  Of 
course,  at  lower  thrust  coefficients,  the  cyclic  sensitivity 
would  be  further  reduced  as  shown  by  the  figure. 


Besides  cyclic  sensitivity  and  phase  angle,  the  to¬ 
tal  controllability  depends  upon  the  amount  of  moment  obtain¬ 
ed  from  a  given  amount  of  blade  flapping.  Using  the  analysis 
of  Appen  lx  D,  the  hub-moment  and  total  momen;-  are  shown  in 

Figure  87  as  a  function  01  J and  <^3  angle  for  the  normal 

thrust  coefficient.  This  n;>re  shows  that  the  longitudinal 
component  of  the  hub-moment  and  the  total  moment  both  in¬ 


crease  with  either  an  increase  in 


Jy'r  . 


or  an  increase  in 


negative  <y  3  angle.  It  increases  witn  the  latter  because  the 

system  is  brought  closer  to  resonance  and  the  cosine  ap¬ 
proaches  unity. 


TeBt  Results:  The  measured  cyclic  sensitivity  is 
shown  ir  Figure  21"  compared  with  the  results  ot  the  analysis 
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given  in  Appendix  D;  Figure  86,  for  the  particular  thrust  co¬ 
efficient  (in  this  case  the  resultant  force  coefficient) . 
Also,  in  Figure  30  is  shown  the  total  pitching-moment  com¬ 
pared  with  the  analytical  results  given  in  Figure  87.  The 
cyclic  sensitivity  for  Run  4  could  not  be  measured  for  the 
f lap-def 1 jet  ion  potentiometer  was  not  fully  installed.  The 
total  pitching-moment  however,  as  a  function  of  longitudi¬ 
nal  flapping  is  in  good  agreement,  so  the  cyclic  sensitivity 
must  also  be  in  good  agreement . 

It  is  not  the  pitching  moment  given  in  KAC  Report 
G-113-4  (9)  for  full  cyclic  input  at  full  thrust.  There  are 
two  reasons  for  this.  First,  in  these  tests  total  cyclic 
input  amounted  to  only  15  degrees  of  cyclic  flap  c  'lection 
Instead  of  the  design  25  degrees  used  in  the  original  analy¬ 
sis  (Ibid).  Second,  as  shown  in  Appendix  D,  Figure  86,  cy¬ 
clic  sensitivity  is  a  function  of  the  thruBt  coefficient. 

Full  hovering  thrust  was  not  attained  in  these  tests,  and  the 
cyclic  sensitivity  is  diminished.  In  addition,  part  of  the 
pitching-moment  is  due  to  the  thrust  force;  for  example: 


and 


diYI 

da. 


M  - 


dM, 
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da, 
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I  Ac^  (  s  v 

da,  WR*/ 
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oLM 

da, 


da, 

aT" 


dd; 


<4 


(8) 


where:  da^/do/^  -  cyclic  sensitivity 


Because  the  cyclic  sensitivity  is  a  function  of  the  thrust, 

the  hub  moment  is  also  a  function  of  the  thrust.  These  two 
reasons  -  the  restriction  in  cyclic  flap  deflection  to  15 
degrees,  and  the  lower  thrust  of  the  tests  -  fully  explain 
the  difference  between  these  results  and  the  analytical  de¬ 
sign  projections  of  G-113-4. 


Straightening :  An  interesting  point  of  these 
tests  is  evident  in  Figure  30c.  When  the  stick  is  displaced 
forward,  the  rotor  flaps  forward  (the  disc  tilts  forward). 
The  rotor  thrust  vector  points  more  forward;  the  vertical 
component  of  the  thrust  is  reduced  and  the  horizontal  compo¬ 
nent  increased.  At  the  same  time,  the  forward  tilt  of  the 
disc  redirects  the  slipstream,  causing  an  increase  in  the 
wing  angle  of  attack,  and  the  wing  lift  and  drag  are  in¬ 
creased.  The  vertical  component  of  the  wing  lift,  then,  in¬ 
creases  when  the  corresponding  component  of  the  thrust  is 
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longitudinal  Stick  position 


reduced,  and  the  horizontal  component  of  the  wing  lift  and 
drag  increases  to  counterbalance  the  increase  in  forward  hor¬ 
izontal  component  of  the  thrust.  The  two  effects  of  the 
rotor  and  wing  tend  to  cancel  each  other,  or,  the  wing  tend6 
to  straighten  the  slipstream  and  there  is  little  change  in 
aircraft  lift  and  drag  with  cyclic  control.  Figure  30c  shows 
the  cancellation  is  almost  total  within  the  experimental  ac¬ 
curacy.  This  reduces  the  thrust  moment  by  changing  the  mo¬ 
ment  arm  to  approximately  the  distance  from  the  hub  to  the 
wing  aerodynamic  center,  rather  than  from  the  hub  to  the  CG. 

Cyclic  Power:  Another  effect  of  cyclic  control  is 
the  power  requ ired .  According  to  the  analysis  of  Appendix  D, 
both  profile  and  induced  power  are  effected.  Figure  31  com¬ 
pares  the  calculations  with  the  results  of  Run  009L .  This 
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power-required  can  be  compensated  by  a  suitable  kinematics 
linkage  in  the  engine  control  geometry,  or  by  an  isochro¬ 
nous  governor . 

Lateral  Directional  Rotor  Control 


The  lateral-directional  control  moments  are  obtain¬ 
ed  on  the  K-16B  by  a  pr  -per  proportioning  oi  differential 
collective  pitch  between  the  two  rotors,  and  of  lateral  cy¬ 
clic  rotor  flapping.  The  details  of  the  functions  are  given 
in  KAC  Report  G-113-4  (9)  and  in  Appendix  A,  but  will  be 
summarized  here  for  completeness. 

Lateral  control  is  obtained  by  differential  blade 
pitch,  that  is,  increasing  the  thrust  on  one  ro'or  and  de¬ 
creasing  it  on  the  other.  Because  of  the  partial  wing  tilt, 
both  a  rolling  moment  and  a  residual  yawing  moment  result. 

The  induced  yawing  moment  is  compensated  by  the  introduction 
of  lateral  cyclic  flapping.  Directional  contro?  is  obtained 
by  lateral  cyclic  blade  flapping.  This  causes  a  sideways 
tilt  of  the  rotor  thrust  vectors,  producing  a  yawing  moment 
about  the  wing  yaw  axis,  as  well  as  a  centrifugal  hub  mo¬ 
ment  in  the  same  direction.  Again  because  of  the  partial 
wing  tilt,  a  rolling  moment  is  induced  about  the  body  axis. 
This  rolling  moment  is  compensated  by  the  introduction  of 
differential  blade  pitch  in  the  opposite  sense.  The  intro¬ 
duction  of  both  compensating  controls  is  effected  as  a  func¬ 
tion  of  wing  tilt  through  appropriate  linkages.  It  is  one  of 
the  purposes  of  these  tests  to  determine  the  degree  to  which 
the  primary  controls  and  the  compensating  control  linkages 
accomplish  their  purpose. 

The  tests  should  indicate  the  cyclic  sensitivity, 
or  the  amount  of  flapping  produced  by  the  cyclic  flap  deflec¬ 
tion.  In  this  case,  the  lateral  cyclic  sensitivity  should  be 
the  same  as  the  longitudinal  for  the  same  thrust  level.  The 
comparison  is  shown  in  Figure  32. 

An  adequate  analysis  of  the  results  of  controlla¬ 
bility  tests  entails  carrying  the  measured  components  of  the 
control  moments  to  an  aerodynamically  common  base;  ie,  a 
point  that  separates  the  aerodynamic  results  from  the  mechan¬ 
ical  system.  Only  in  this  way  can  the  results  be  interpreted 
in  physical  terms  independent  of  the  functioning  of  a  mechan¬ 
ical  system.  Such  a  common  base  for  comparison  is  the  wing 
axis  system  before  control  compensation  is  introduced. 

Blade  flapping  is  a  result  of  aerodynamic  moments 
on  the  blade,  and  depends  on  the  blade-flap  input.  The  test 
should  express  the  wing  axis  yawing  moment  for  the  amount  of 
flapping  obtained.  This  was  determined  from  the  body  axis 
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measurements  (Figure  33)  by  a  transfer  of  axes,  and  are  shown 
In  Figure  38.  If  the  primed  moment  symbols  denote  the  wing 
axis  system  and  the  unprimed  symbols  the  body  axis  system, 
these  axis  transfer  equations  are: 


hi' 

L’ 


Lstny'  ♦  Ncoa  7""* 
L  cos  Y  -  Kl  sin  Y 


(9) 


The  wing  axis  yawing  moment  is  a  function  of  a  hub 
moment ,  a  thrust  moment ,  and  a  yawing  moment  contributed  by 
the  spoilers  when  the  stick,  is  deflected  laterally  according 
to  the  following  equation  taken  from  KAC  Report  G-113-4  (9): 


a,' 

N  ’L^ 


+  T  x. 


b,  ♦  Y  Y  cos  0  —•  A0  ^  Ns 


(10) 


The  corresponding  wing-axis-system  rolling  moment  is 

da 


,  F  .  „  <±T  .  ~ 

l  -Yi^e-jgAe.  ^ 


AG  +  l. 


(id 


(When  the  rudder  pedal  is  depressed  there  is  no  spoiler  pro¬ 
jection,  so  Ns  and  Lg  are  eliminated.) 

Substituting  the  previously  determined  component 
parts  (F/T,  0,  etc)  into  equations  (10)  and  (11)  will  reveal 
the  contribution  of  each  part  to  the  over-all  moment. 

The  experimental  results  will  be  consistent  if  the 
wing-axis  rolling  and  yawing  moments,  determined  by  inserting 
the  experimentally  established  components  into  equations  (10) 
and  (II),  agree  reasonably  well  with  those  found  directly 
when  using  the  axis  transfer  equation  (9) .  The  same  moments 
obtained  by  inserting  the  analytical  components  into  equa¬ 
tions  (10)  and  (11),  when  compared  with  the  other  two  methods, 
will  furnish  an  insight  into  the  precision  with  which  such 
moments  can  be  estimated. 


First,  consider  the  case  when  the  stick  is  deflect¬ 
ed  laterally  (Run  021L) ■  The  measured  body  axis  rolling  and 
yawing  moments  are  shown  in  Figure  33b.  In  this  case,  the 
principal  control  is  differential  collective  pitch  with  lat¬ 
eral  cyclic  as  compensation  for  the  yawing  moment  that  is 
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produced.  The  cyclic  flap  deflection,  flapping  angle,  and 
right  rotor  pitch  are  given  in  Figure  34  ae  functions  of  lat¬ 
eral  Btlck  deflections.  The  F/T  and  0  of  equations  (10)  and 

(11)  were  taken  from  Figure  23.  Two  other  items  for  inser¬ 
tion  into  the  equations  are  the  variations  of  thrust  and 
torque  with  pitch.  The  analytical  values  are  found  in  Figure 
35  with  any  experimental  values  obtained  also  entered.  The 

thrust  results  of  Runs  004L,  005L,  and  008L  ( o/*0  •  14.8)  show 

reasonable  trends. 

The  thrust-pitch  slopes  obtained  from  the  strip  a- 
nalysis  are  in  good  agreement  with  these  results.  At  the  low 
values  of  flap  deflection,  however,  the  absolute  values  of 
blade  pitch  are  about  one  degree  high.  This  is  a  result  of 
centrifugal  twisting  moments  as  shown  in  KAC  Report  G-lll-4 
(5)  .  The  thrust  value  of  Run  021L  was  determined  by  taking 
the  torsional  flexibility  into  account.  The  shape  of  the 
torquc-pitch  curves  is  similar  to  those  found  analytically 
(Figure  35) .  The  absolute  value  is  not  directly  involved  in 
the  equations,  but  only  the  slopes. 

The  differential  collective  pitch  must  now  be  ac¬ 
counted  for.  Blade  pitch  was  measured  on  the  right  rotor 
only.  The  reasonableness  of  an  equal  pitch  Increment  on  the 
left  rotor  can  be  determined  by  working  backwards  from  the 
experimental  results  (Figure  33)  with  the  aid  of  the  vector 
diagram  of  Figure  36.  Point  8  corresponds  to  the  last  point 
of  Figure  33  for  right  stick  deflection.  The  body-axis  roll¬ 
ing  moment  (L)  is  13,000  ft-lb,  and  the  yawing  moment  (N)  is 
3500  ft-lb.  Starting  from  the  plot  of  this  test  point  on  the 
vector  diagram  (Figure  36a) ,  the  first  component  to  be  ana¬ 
lysed  is  that  d’.c  to  lateral  cyclic  flap. 

From  oscillograph  record  1696,  bj  was  found  to  be 

+1.3  degrees.  The  right  rotor  pitch  is  8.1  degrees  for  neu¬ 
tral  stick.  Correcting  for  centrifugal  twist,  from  KAC  Re¬ 
port  G-lll-4  this  becomes  5.9  degrees,  which  according  to 
Figure  35  yields  a  thrust  of  2940  lb,  or  5880  lb  for  two 
rotors.  The  wing-axis  yawing  moment  (K’)  due  to  lateral  cy¬ 
clic  is: 
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The  1735  ft~lb/deg  (99300  It-lb/rad)  for  the  hub  moment  deri¬ 
vative  is  given  in  Figure  87,  and  is  corrected  by  4  percent 
for  the  reduced  thrust . 


This  is  laid  out  on  the  vector  diagram  (Figure 
36a),  starting  from  the  test  point  and  parallel  to  the  N* 
axis.  This  is  straightforward. 

Next  must  be  determined  the  effect  of  differential 
collective  pitch.  The  effect  of  this  pitch  increment  is  to 
produce  a  thrust  moment  component  parallel  to  the  wing  yawing 
axis,  and  a  lift  moment  component  parallel  to  the  wing  roll¬ 
ing  axis.  Because  the  blade  pitch  was  measured  only  on  the 
right  rotor,  the  pitch  on  the  left  rotor  was  determined  by 
applying  the  same  pitch  increment  between  static  calibration 
and  dynamic  deflection  on  the  left  rotor  as  had  occurred  on 
the  right  (Figure  37).  The  total  actuator-indicated  differ- 
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ential  collective  pitch  was  so  found.  The  values  of  5.6  and 
10.8  for  full  right  stick  were  corrected  fcr  blade  centrifu¬ 
gal  twist  (G-lll-4)  (5)  to  yield  a  final  AQ  of  4  degrees. 

The  values  of  differential  collective  pitch  shown  on  Figure 
34  were  corrected  for  centrifugal  twist,  whereas  the  raw  data 
oresented  in  NASA  TN  2538  (53)  and  by  Weiberg  (58)  were  not 
so  cori ected . 


The  thrust  moment  component  is  given  by: 


d.T 

d© 


A© 


Referring  to  Figure  23,  the  slipstream  turning  angle  0  and 

efficiency  F/T  are  approximately  16  degrees  and  0.94  respec¬ 
tively.  from  Figure  35  the  average  thrust-pitch  curve  slope 
is  190  lb/deg.  Substituting  these  factors  into  the  foregoing 
equation,  the  thrust  moment  component  becomes  8,000  ft-lb, 
drawn  parallel  to  the  N'  axis  on  the  vector  diagram  of  Figure 
36a.  The  lift  component  of  the  differential  collective  input 
is  just  the  sine  component: 


~ -  V  Sin©  ~  AG 


8000  (.25 ?) 
.96  5 


2.150  ft-lb  • 


This  is  laid  out  parallel  to  the  L'  axis,  and  the  vector 
marked  "Different if  1  Collective"  can  be  drawn. 


The  torque  component  is  straightforward  and  can  be 
obtained  from  Figure  3G  as 


olQ 

d^ 


A© 


where 
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Q  «  185(4)  =  740  ft-\b 


parallel  to  the  wing  rolling  axis,  L’  (Figure  36a). 

The  vector  diagram  now  shows  a  negligible  amount  of 
wing  axis  rolling  moment  to  be  furnished  by  the  spoilers,  and 


85 


a  rolling  and  yawing  asymmetry.  The  rolling  asymmetry  is  a 
little  less  than  that  shown  in  Figure  33a  for  zero  stick . 

The  dotted  vector  diagram  shows  the  point  that  would  be  cal¬ 
culated  using  the  foregoing  components  plug  the  effect  of 
spoilers.  The  spoiler  effect  was  found  from  tunnel  tests 
(Run  39) ,  suitably  corrected  lor  the  dynamic  pressure  and 
wing  area  affected  by  the  slipstream  (G-113-4) (5) .  The 
spoiler  rolling  moment  i6  Ls '  -  0.145T  and  the  corresponding 

yawing  moment  is  Ns '  -  0.0695T  for  the  43  degrees  of  spoiler 

projection.  The  final  end  point,  Figure  36a, 

L  -  11 ,600  ft-lb 
N  -  2,200  ft-lb 

ls  within  the  experimental  accuracy  of  the  test  as  shown  by 
the  scatter  in  the  data.  Points  corresponding  to  left  stick 
(Point  1)  are  also  shown  in  the  vector  diagram. 

Having  the  component  parts  for  equations  (10)  and 
(11) ,  the  wing-axis  rolling  and  yawing  moments  were  obtained 
by  the  three  methods,  namely: 

1.  Directly  from  measurements  using  the  axis 
transfer  equations; 

2.  Using  equations  (10)  and  (11)  with  experi¬ 
mentally  determined  components  such  as 

T,  bL,  F/T,  Q  ,  5j*_,  g|j-  ; 

3.  Using  equations  (10)  and  (11)  with  analyt¬ 
ically  determined  components. 

They  are  compared  in  Figure  38  for  Run  C21L  as  functions  of 
total  differential  pitch  when  lateral  stick  is  applied.  In 
general,  the  comparison  is  in  good  agreement.  One  reason  for 
the  scatter  in  the  yawing  moment  is  the  scatter  in  the  b^ 

compensating  blade  flapping.  For  example,  at  neutral  A0. 

the  b^  is  the  same  as  at  full  right  stick,  1.3  degrees, 

whereas  it  should  have  reduced  to  zero. 

Design  Analysis:  The  various  components  can  now  be 
analyzed  with  respect  to  the  original  design  (Figure  36b  de¬ 
rived  from  G-113-4) (9) .  The  reduction  in  slipstream  turning 
angle  from  26  degrees  to  less  than  16  degrees  had  little  ef¬ 
fect  on  the  rolling  moment  inasmuch  as  the  required  addition¬ 
al  wing  tilt  did  not  change  the  direction  of  the  differential 
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collective  vector.  The  reduction  in  the  magnitude  of  the 
differential  collective  pitch,  however,  had  p,n  appreciable 
effect.  The  design  differential  pitch  was  10  degrees,  where¬ 
as  the  actual  differential  pitch  (as  tested)  was  5  degrees  at 
the  actuator,  and  4  degrees  due  to  centrifugal  twist  and 
elastic  deformntion  (Figure  38).  The  low  spoiler  effective¬ 
ness  in  hover  would  reduce  the  lateral  cyclic  compensation 
required,  provided  adequate  differential  collective  pitch  and 
its  corresponding  torque  were  provided  (Figure  36b) .  The  re¬ 
duced  thrust  levels  also  led  to  a  reduction  in  the  effect  of 
the  differential  collective  pitch  because  the  thrust-pitch 
derivative  was  lowered. 

It  is  therefore  important  in  the  design  of  any  con¬ 
trol  system  that  uses  differential  collective  pitch  to  ac¬ 
count  lor  all  elastic  deformations  and  the  effect  of  reduced 
thrust  effectiveness,  particularly  if  operation  at  reduced 
thrust  levels  is  expected. 

Directional  Control 


The  rolling  and  yawing  moments  measured  upon  pedal 
deflection  appear  as  a  function  of  blade  lateral  flapping 
angle,  b^ ,  in  Figure  39.  Depressing  the  pedal  deflects  the 

blade  flaps  cyclically  so  that  the  rotors  flap  in  the  direc¬ 
tion  of  the  depressed  pedal.  Therefore,  in  the  wing  axis, 
lateral  flapping  is  the  logical  aerodynamic  characteristic 
leading  to  a  yawing  moment. 

The  prime  factors  leading  to  a  wing-axis  yawing  mo¬ 
ment  nre  the  hub  and  the  thrust,  moments  due  to  cyclic  flap¬ 
ping.  The  relationship  between  blade-fiap  cyclic  deflection 
and  lateral  flapping  for  Run  021L  is  given  in  Figure  32.  The 
analysis  was  made  with  equations  (10)  and  (11),  using  the 
measured  values  of  lateral  flapping,  b^,  and  the  compensating 

differential  collective  pitch,  The  wing-axis  rolling 

and  yawing  moments  calculated  with  the  latter  equations  were 
converted  to  the  body  axes,  for  comparison  with  the  measured 
values,  by  the  following  axis  transfer  equations: 

L  »  L'cos  'J*  ■*“  N'sinT^ 

N  *  Nco&7^  ”  L.’  stnT' 

where  the  primed  symbols  denoc.'  the  wing  axis  system. 

Considering  the  scatter  in  the  data,  the  analysis 
based  on  the  equations  is  fairly  accurate  as  is  evident  in 
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Figure  39.  The  accuracy  with  which  yawing  moment  i  an  bo  ana¬ 
lytically  predicted  is  better  illustrated  by  referring  the 
measured  values  to  the  wing  axis  system  (Figure  40) .  In  this 
system,  lateral  cyclic  flapping  directly  furnishes  yawing  mo¬ 
ment.  This  comparison  verifies  that  the  wing-axis  yawing  mo¬ 
ment  can  be  determined  analytically. 

The  manner  in  which  wing-axis  yawing  and  rolling 
moments  combine  to  iorm  body-axis  yawing  and  rolling  moments 
can  best  be  illustrated  by  a  vector  diagram  similai  to  the 
one  used  in  the  lateral  control  analysis.  The  point  marked 
"Point  8"  on  Figure  39  (b^  ■»  5.5  deg)  is  analyzed  vectorially 

in  Figure  41  by  way  of  illustration. 

Starting  iron  "Point  8"  on  the  vector  diagram,  the 
compensating  difierential  collective  pilch,  when  corrected 
for  elastic  deiormation,  was  -2.55  degrees.  When  combined 

with  the  F/T  and  0  from  Figure  23,  the  dT/d0  from  Figure  35, 

and  using  equation  (10),  it  results  in  the  differential  col¬ 
lective  triangle  shown  Applying  the  torque  derivative  from 
Figure  35  brings  the  vectors  to  .just  the  other  side  of  the 
wing  yawing  axis,  N’.  Combining  the  hub  moment  and  the 
thrust  moment  derivatives  due  to  lateral  cyclic,  and  using 
equation  (10)  as  follows: 


N 


d.b, 


57.3 


fa, 


parallel  to  ts,e  wing  yaw  axis,  yields  a  slightly  asymmetric 
body-axis  rolling  and  yawing  moment  that  is  l airly  close  to 
that  obtained  experimentally  (Figure  40). 


Design  Analysis:  Several  tacts  can  be  gleaned  from 
the  comparison  of  the  direct  and  the  component ial  methods  for 
determining  wing-axis  rolling  and  yawing  moments  (Figures  40 
and  41).  The  most  important  is  that  wing-axis  yawing  moments 
can  be  predicted  analytically.  Secondly,  in  the  tests  there 
was  insufficient  compensating  differential  collective  pitch, 
quite  probably  because  elastic  deformation  was  not  accounted 
lor.  (See  bottom  of  Figure  40) 


The  original  design  is  compared  with  the  test  re¬ 
sults  and  several  alternatives  in  the  vector  diagram  of  Fig¬ 
ure  42.  The  reduced  slipstream  turning  angle  called  lor  an 
increase  in  wing-tilt.  This  in  turn  had  an  adverse  effect  on 
the  body-axis  yawing  moment,  the  change  being  proportional  to 
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Wing  Axis  Rolling  Moment  Wing  Axis  Yaving  Moment,  N ' ,  1000  ft -Lbs 
L',  1000  Ft -Lbs 


□  Test  Run  021L 


Analysis  Using  .  ~ 
Measured  b^  and/^y 


-4  Q 


Analysis 

Existing  Compensation 
Design  Cuwpensat ion 


Lateral  Flapping  Angle,  ,  Deg. 
Figure  40 


Wing  Axis  Moments  Due  to  Pedal  Deflection 


the  cosine  of  the  tilt  angle-.  Tho  increased  tilt  required 
more  differential  collective  for  compensation,  which  was  not 
available  because  of  control  system  geometry. 


To  summarize,  the  analytical  methods  applied  to  the 
rotor  static  performance  lead  to  the  explanation  for  a  test- 
rotor  f igure-of -merit  little  better  than  most  helicopter 
rotors.  The  principal  reasons  are:  the  large  flap  del  lec¬ 
tions  and  flap  junctures  cause  high  drag  and,  thereioro,  low 
section  L/D;  drag  of  the  outboard  chordwise  control  rod. 


The  results  of  the  wing  performance  tests  are  in¬ 
conclusive  in  establishing  a  slipstream  turning  angle  because 
of  the  large  scatter  in  the  drag  data.  However,  reasonable 
values  of  wing-flap  lift  and  drag  increments  are  analytically 
6hown  to  lead  to  a  good  average  value  of  the  test  points  for 
turning  angle  and  efficiency.  The  turning  angle  ol  the  flaps 
was  reduced  principally  because  of  the  reduced  span  of  the 
flaps . 


Rotor  control  is  a  function  of  the  moments  and 
forces  generated  by  blade  cyclic  flapping  and  differential 
collective  blade  pitch.  The  flapping  is  induced  by  cyclic 
flap  deflection,  the  relation  between  them  known  as  cyclic 
sensitivity.  The  cyclic  sensitivity,  and  subsequent  moments 
obtained  in  the  tests,  is  almost  exactly  those  analytically 
determined.  They  are  not  those  of  G-113-4  (9)  for  the  orig¬ 
inal  design  however,  because  of  mechanical  restrictions  in 
cyclic  flap  deflections,  and  the  reduced  thrust  levels  of  the 
tests . 


The  portion  ol  the  controllability  dependent  upon 
the  slipstream  turning  angle  and  efficiency  reflects  the  re¬ 
duction  in  turning  angle  from  the  design  value  as  well  as  the 
reduced  thrust  levels,  and  tends  to  substantiate  the  values 
deduced  from  the  analysis  oi  the  wing-flap  performance  data. 


TRANSITION 


In  the  transition  phase  of  a  tilt-wing  airplane, 
the  vertical  force  is  gradually  transferred  from  the  pro¬ 
pellers  to  the  wing  (or  conversely).  This  is  most  effi¬ 
ciently  performed  when  the  wing  can  sustain  the  greatest 
portion  of  the  vertical  load  at  the  lowest  possible  speed.  A 
large  fiap-lift  effectiveness  requires  a  lower  wing  tilt  an¬ 
gle  to  sustain  the  aircraft,  thus,  a  lower  wing  free-stream 
angle  of  attack.  A  lower  wing  angle  of  attack  at  any  speed 
will  reduce  the  tendency  to  stall  in  the  transition. 
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Airplane  Periurnance 


ol  the  K-16D  show  that  at  condi- 
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Wind  tunnel  tests 
■lions  in  which  the  u i rciutl 
weight,  thrust  equals  drag)  the  wing  was  stalled.  Figure  43 
shows  the  analytically  determined  wing  slipstream  angle  ol 
attack  throughout  u  level -flight  transition.  With  the  unpro¬ 
tected  leading  edge,  stall  is  exhibited  botween  25  and  70 
knots,  even  In  the  slipstream. 


With  no  slipstream  across  it,  the  center  section  is 
stalled  until  the  total  wing  angle  ol  attack  is  reduced  to 
subcritical  values  at  the  end  ol  the  transition.  The  stall 
is  a  result  of  the  pylon  wedges  which  become  exposed  when  the 
wing  is  tilted,  the  large  chordwise  extent  of  the  tiltuble 
portion  of  the  center  section,  and  the  lack  ol  leading  edge 
protection . 


The  analytical  trim  procedure  of  Appendix  D,  which 
accounts  for  center  section  stall,  was  used  together  with 
data  for  certain  representative  slats  to  eliminate  stall  in 
the  slipstream  and  minimize  it  at  the  center  section  of  the 
K-16B.  The  center  section  stall  boundary  moved  from  75  to  50 
knots.  The  elimination  of  stall  on  the  wing  improves  the 
flow  over  the  tail,  making  it  more  effective  so  that  it  will 
assist  the  rotor  in  trimming  the  aircraft  in  this  flight  re¬ 
gime.  At  the  same  time,  the  out-of-trim  moments  will  be 
greatly  reduced. 

Trim  Angle  of  Attack 

The  free-stream  angles  of  attack  shown  in  Figc  e  43 
were  calculated  using  the  longitudinal  trim  analysis  given  in 
Appendix  D.  These  angles  are  for  a  K-16R  gross  weight  of 
S300  pounds.  Because  of  wing  stall,  a  lift  of  9300  pounds 
was  only  once  attained  in  the  transition  tests.  The  effect 
of  the  slipstream  is  duplicated  (ie,  the  wing  angle  of  attack 
is  the  same)  if  the  disc-loading/q  is  the  same.  Also,  the 
free  stream  q  is  determined  by  the  lilt  equilibrium.  Hence, 
the  measured  tunnel  dynamic  pressure  need  only  be  multiplied 
by  the  ratio  of  the  wing  loadings  to  determine  the  attitude 
angles  corresponding  to  lift  equilibrium  of  the  aircraft  in 
flight.  This  was  done  in  NASA  TN  D2538  (53)  and  the  test 
points  are  shown  in  Figure  43a . 

Prior  to  the  full-scale  tests,  the  i/8-scale 
powered-model  was  tested  with  various  Fowler  flap  configura¬ 
tions  and  leading  edge  devices.  The  attitude  angles  lor  lift 
and  drag  equilibrium  from  these  tests  are  shown  in  Figure 
43B,  as  well  as  those  from  both  calculations  and  full-scale 
tests  corrected  to  9300  pounds.  The  figure  shows  good  agree - 
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ment  in  all  three  methods.  Data  Irom  the  I/E-scaie  model 
tests  are  shown  in  Figure  44. 

Figure  43b  reveals  a  convexity  in  the  curve  of  at¬ 
titude  angle  for  equilibrium  flight,  whereas  the  original 
design  was  concave.  The  shape  of  the  curve  is  indicative  of 
the  amount  of  rotor  thrust  (and  power)  required  for  balance, 
and  points  up  the  extent  of  the  wing  stall  problem.  The  tuft 
sketches  (Figure  45)  imply  a  rapid  outboard  spread  of  the 
center  section  stall  that  is  triggered  at  fairly  low  angle  of 
attack  by  the  wing  pylon  wedges  that  become  exposed  as  the 
wing  is  tilted.  The  cross-shaft  cover  protrudes  ahead  of  the 
leading  edge  and  generates  vortices  at  its  edges,  which  also 
assisted  the  outboard  spread  of  the  center  section  stall. 

The  combination  of  the  high  aircraft  drag  (Figure 
27),  and  the  rapid  spread  of  the  center  section  stall  result¬ 
ed  in  aircraft  lift  and  drag  balance  at  a  well-stalled  por¬ 
tion  of  the  lift  curve  for  all  four  transition  points  that 
were  tested  (Figure  46). 

Rotor  Thrust  Estimate 

No  provision  was  made  for  measuring  rotor  thrust  in 
the  wind  tunnel  tests.  For  a  particular  test  an  approxima¬ 
tion  of  the  Tc"  was  made,  using  the  results  of  the  1/fi-scale 

model  tests  given  in  Figure  44,  and  computing  the  slipstream 
based  lift  and  longitudinal  force  coefficients  as: 

CL  '  *  CL(1  -  TC”)  (13) 

CX  “  'CpU  -  TC")  (14) 

These  were  compared  with  the  results  of  the  1/8-scale  model 
tests,  endeavoring  to  match  the  results  in  the  low  angle  of 
attack  range  below  the  stall.  Additional  approximations  were 
made,  the  process  continuing  until  the  best  possible  match 
was  obtained.  This  was  then  considered  the  thrust  coeffi¬ 
cient  T q  to  be  used  in  the  analysis  to  establish  rotor  par¬ 
ameters  of  power,  cyclic  sensitivity,  and  control.  The  re¬ 
sults  of  this  approach  are  shown  in  Figure  44  with  symbols, 
and  the  1/8-scale  model  results  as  bold  lines.  Only  three 
thrust  coefficients  were  tested  in  the  1/8-scale  model  runs 
and  three  different  thrust  coefficients  estimated  for  full- 
scale  for  the  same  configurations,  but  the  "carpet  plot" 
method  ol  presentation  allows  fairly  accurate  interpolation 
to  be  made. 
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Power:  The  power  required  for  balanced  level 
flight  from  the  tunnel  runs  is  presented  in  Figure  47,  as  is 
an  analysis  of  Appendix  D,  Figure  84,  for  the  appropriate 
values  of ,  "X  ,  and  Cj«.  It  will  be  noted  that  these  re¬ 
sults  are  different  from  those  gi  .'en  in  Figure  22  of  NASA 
TN  D2538  (53) .  There  are  two  essential  reasons  for  this  dis¬ 
crepancy.  First,  the  values  in  Figure  22  (Ibid)  are  lor  a 
9300  lb  aircraft,  whereas  those  in  Figure  47  herein  are  for 
the  actual  lift  attained  in  the  tests.  It  was  considered 
advisable  in  an  analytical  correlation  to  avoid  the  addition¬ 
al  uncertainties  of  a  method  for  extending  both  profile  power 
and  induced  power  to  apply  to  a  higher  gross-weight  vehicle. 
The  second  reason  is  indicated  by  Figure  48,  which  shows  dif¬ 
ferent  amounts  of  power  reduced  from  the  same  data.  The  NASA 
points  are  the  first  three  points  of  Figure  25  of  TN  D2538. 
Because  no  reason  is  known  for  the  discrepancy  and  the  total 
difference  would  militate  against  the  analysis,  it  is  advis¬ 
able  to  give,  in  detail,  the  steps  taken  to  reduce  the  engine 
data  to  SHP.  Run  4,  Figure  48,  -ill  be  used  to  illustrate 
the  procedure. 

In  Run  4  a  lift  of  7000  lb  was  attained  when  suffi¬ 
cient  power  was  introduced  for  drag  balance.  The  power  re¬ 
quired  was  1135  HP,  and  was  obtained  as  follows: 

1.  The  inlet  temperature,  as  measured  from 
the  inlet  duct  thermocouples,  was  found 

to  be  77°F  leading  to  a  JQ  2  of  1.0165. 

2.  From  a  "blip"  count  on  the  oscillograph 
records  (Traces  2  and  3)  the  gas  producer 
speeds  were  found  to  be  23760  rpm  and 
23900  r ps  for  t lie  left  and  right  engines, 
respectively . 

3.  From  the  calibration  charts  for  tne  spe¬ 
cific  engines  these  led  to  values  of 

HPpj. 

of  595  and  636,  respectively. 


4.  The  inlet  temperature  and  test  section 
pressure  led  to  a  </^  of  0.964. 

5.  Multiplying  the  values  from  the  calibra- 
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t  ion  chart  by  o^2v02  led  to  HPpp  of 

584  and  623  lor  the  left  and  right  engines, 
respectively . 

6.  The  correction  for  operating  off  the 
optimum  RPM  depends  on  the  power  tur¬ 
bine  speed,  Ng-  This  is  obtained 

,rom  the  rotor  "blip"  count.  Trace  1, 
multiplied  by  the  gear  ratio.  For 
this  case  it  is  675(26.32)  “  17750  rpm. 

7.  This  is  corrected  to  standard  conditions 
for  entry  into  the  G.E.  chart  (CA  123). 

This  chart  is  entered  both  for  the  ac¬ 
tual  and  optimum  rpm  (19,500),  and  the 
difference  noted.  In  this  case  it  is 

a  loss  of  20  HP  for  each  engine,  re¬ 
sulting  in  a  total  loss  of  39.2  HP 
when  corrected  for  temperature. 

8.  This  is  subtracted  from  HPpT’s  obtained 

from  Step  5,  leaving  564  and  603, 
respectively . 

9.  The  main  gearbox  loss  is  furnished  by 
the  engine  manufacturer  as  a  function 
of  power  turbine  speed.  For  this  case, 
it  was  16  HP  for  each  engine,  leaving 
net  turbine  shaft  horsepower  of  548  and 
58v  for  the  left  and  right  engines, 
respect ively . 


This  procedure  was  used  in  the  reduction  of  all  the 
power  data  in  this  report,  inasmuch  as  there  is  often  a  fair 
discrepancy  between  the  as  indicated  by  the  tachometer  and 

that  obtained  from  the  oscillograph  record.  There  are  many 
small  corrections  which,  if  neglected,  lead  to  erroneous 
values  of  power . 

The  analysis  of  Figure  84  agrees  fairly  well  with 
the  experimental  values.  It  must  be  pointed  out  however, 
that  the  wing  was  in  deep  stall  when  drag  balance  occurred. 
The  power  required  consequently  was  higher  than  it  would  be 
had  there  been  no  stall. 
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Rotor  Performance 


The  rotor  Is  designed  to  provide  high  thrust  for 
hovering  flight,  so  the  mean  lift  coefficient  is  high  with 
collective  flap  deflection.  As  the  thrust  requirements  drop 
ol f  with  forward  speed,  the  propulsive-rotor  becomes  less 
efficient  because  the  blade  sections  are  operating  at  lower 
lift-drag  ratios.  The  collective  flap  is  retracted  as  the 
thrust  drops  off,  and  when  naifway  through  the  transition  is 
faliy  retracted. 

Propulsive  Efficiency 

Most  of  the  transition  tests  of  the  K-16B  were  run 
with  a  constant  13  degrees  of  blade-flap  collective  deflec¬ 
tion.  In  an  actual  aircraft  transition,  of  course,  flap  de¬ 
flection  would  be  reduced  from  the  optimum  hover  value  to 
zero  in  forward  flight. 

A  thrust  calibration  was  made  at  two  airspeeds,  39 
and  77  knots,  assuming  thrust  equals  drag.  (These  are  the 
first  two  series  of  points  in  Figure  8c  of  TN  D2538  (53)). 
This  calibration  was  to  bo  run  with  zero  collective  flap  de¬ 
flection,  but  there  was  an  inadvertent  deflection  of  2.3  de¬ 
grees.  At  the  point  at  which  the  aircraft  is  balanced.  Fig¬ 
ure  49  indicates  a  power  of  1080  HP.  At  this  point  the  rotor 
propulsive  efficiency  was  53  percent.  The  calculated  effi¬ 
ciency  was  57.8  percent.  Agreement  is  good,  especially  since 
in  the  tests  the  flap  was  deflected  2.3  degrees  when  suppos¬ 
edly  retracted,  and  the  strip  analysis  in  forward  flight  does 
not  provide  for  a  collective  flap  deflection. 

The  transition  flapping  analysis  of  Appendix  D  was 
used  to  determine  the  effect  of  flap  deflection  on  rotor  ef¬ 
ficiency  at  these  speeds.  The  comparison  is  shown  in  Figure 
50.  A  reduction  in  efficiency  of  about  2  percent  is  indi¬ 
cated  for  the  2.3  degrees  of  collective  flap  deflection. 

This  brings  closer  the  agreement  between  analysis  and  exper¬ 
imental  results. 

With  the  alleviation  of  wing  staLl  in  the  transi¬ 
tion,  the  power  will  drop  off  with  speed  as  the  induced  pow¬ 
er  is  reduced.  At  higher  speeds,  when  the  required  thrust 
and  advance  ratio  both  increase,  the  efficiency  will  also 
increase.  At  140  knots  (the  last  series  of  points  of  Figure 
8c  of  TN  D2538)  rotor  efficiency  was  not  investigated.  A 
mechanical  restriction  limited  the  pitch  angle  to  26  degrees 
(which  results  in  a  negative  thrust  at  this  advance  ratio), 
and  the  flaps  were  not  fully  retracted.  These  last  points, 
then,  are  not  the  result  of  a  thrust  calibration,  but  are  the 
incidental  results  of  a  test  to  investigate  rotor  blade  Hap¬ 
ping  at  high  speed. 
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Control 


At  the  low  end  of  the  transit  ion  speed  spectrum, 
the  aircraft  is  controlled  by  propulsive-rotor  cyclic  lift. 
The  Magnitude  Is  dependent  upon  cyclic  sensitivity,  which 
has  been  discussed  in  the  "hover"  section.  A  particular 
required  control  moment  for  low- speed  control  can  be  ob¬ 
tained  from  an  optimum  combination  of  blade  design  parame¬ 
ters.  As  speed  Increases,  the  cyclic  control  is  phased  out 
and  the?  aerodynamic  surfaces  take  over. 

The  complete  equations  of  blade  flapping  motion 
are  given  in  Appendix  D,  and  the  cyclic  sensitivities  for 
the  present  K-16B  are  shown  in  Figure  88. 


Longitudinal 

The  cyclic  sensitivities  of  the  wind  tunnel 
teats  are  compared  in  Figure  51  with  the  results  of  an 
analysis  from  Appendix  D,  Figure  88.  At  the  two  lowest 
tunnel  dynamic  pressures  the  agreement  is  good,  but  at  the 
two  higher  dynamic  pressures  the  analytical  results  are 
conservative.  The  most  likely  reason  for  the  conservatism 
is  a  variation  of  the  cyclic  inflow  factor  with  forward 
speed.  The  factor  used  was  derived  from  hovering  control 
considerations.  But  in  transition  the  induced  velocity, 
which  is  modified  by  the  cyclic  inflow  factor,  is  a 
smaller  proportion  of  the  total  inflow. 


In  Figure  52  control  moments  are  shown  as  func¬ 
tions  of  the  longitudinal  flapping  angle.  They  are  pre¬ 
sented  as  functions  of  the  resulting  flapping  angle,  aj. 


rather  than  cyclic  flap  deflection 


to  remove  the 


effect  of  scatter  in  the  cyclic  sensitivity.  The  control 
power  from  the  analysis  of  Appendix  D,  Figure  88,  is  also 
shown.  Fair  correlation  is  evident,  but  with  test  results 
signifying  a  higher  control  moment  per  degree  of  flapping 
than  does  the  analysis  in  the  linear  range. 


Test  results  (Figure  52)  include  the  effect  of 
the  elevator.  The  analysis  also  does,  but  estimated  values 

of  dLCm/dw£  from  XAC  Report  G-113-4  (9)  were  used.  It 

is  prudent  to  compare  the  estimated  and  the  test  values  of 
this  parameter.  Figure  53  shows  that  the  calculated  ele¬ 
vator  effectiveness  (slope  of  curve)  from  Reference  9  is 
not  too  different  from  the  results  of  Runs  33,  34,  and  36 
(Figure  31  of  NASA  TN  D2538)  (53),  although  the  experimental 
value  is  slightly  higher  than  the  calculated  value. 
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tlgnr*  Si 


Of  Analytical  And  Test  Values  Of  Elevator  Effectiveness 


The  increment  in  pitching-moment  coefficient  due 
to  the  elevator  can  be  expressed  as: 


Aclt  ■ 

a<ffi 

dcf,^ 

(15) 

AMte  < 

Ac:t 

{Sc 

dCm 

(16) 

* 

a  <r 

a 

d<fk 

t 

1  5£ 

or; 

dCm 

d<4 

1 

11  e  — 

a  5c 

(17) 

Substituting : 

dVH 

.96  -.0192  from  Ref.  9 

(18) 

cUl, 

- 

.56  from  Figure  88  for 
Run  19 

•  i  /  ±  *  vw 

w  -4  rrn  ^ ^ 

q 

- 

11.2  for  Run 

19 

into  the  above  equation  yields  474  ft-lb/deg,  which  is  but 
about  20  percent  of  the  total  control  moment  of  2200  ft-lb/ 
deg  that  is  developed.  Of  course,  the  elevator  effective¬ 
ness  increases  with  airspeed.  The  foregoing  figures  apply 
to  an  airspeed  of  58  knots. 

During  the  elevator  effectiveness  tests,  the  con¬ 
trols  could  not  hold  the  deflection  against  the  airstreaa. 
The  difference  in  moment  slope,  dM/da^,  (Figure  52)  is  ap¬ 
proximately  equal  to  the  loss  in  elevator  effectiveness, 
dCm/dot  related  through  equations  (17),  This  is  an  indi¬ 
cation  of  control  system  deflections. 
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Figure  02  also  Indicates  an  "out  of  trim"  moment 
from  tests  with  stick  neutral.  The  "Btick  neutral"  point 
of  Run  19  on  the  figure  shows  a  moment  of  approximately 
11,000  ft-lb.  (This  is  the  same  as  shown  in  Figure  25  of 
TN  D2538  for  a  lift  of  8800  lb.)  The  calculated  momont  of 
7000  ft-lb  reflects  the  difficulty  in  estimating  the  drag 
of  the  various  components  of  a  stalled  flapped  wing,  part 
of  which  is  in  the  slipstream  and  part  of  which  is  not.  Be¬ 
cause  of  the  influence  of  vortices  shed  by  either  end  of  the 
cross-shaft  cover  at  the  center  section,  both  induced  and 
profile  drag  of  that  portion  of  the  wing  are  difficult  to 
estimate  without  drag  build-up  tests. 

Lateral-Directional 


In  the  K-16B,  hover  lateral  control  is  obtained  by 
differential  blade  pitch  with  lateral  cyclic  flapping  to 
compensate  for  the  residual  yawing  moment.  As  the  wing  is 
brought  down  in  transition,  the  yawing  moment  component  in¬ 
creases,  so  more  lateral  cyclic  is  required  to  compensate. 
Finally,  the  speed  is  great  enough  so  that  spoilers  provide 
sufficient  roll  control  and  differential  collective  is 
phased  out.  Similarly,  directional  rotor  control  in  hover 
is  lateral  cyclic  with  differential  collective  pitch  pro¬ 
viding  the  compensation  for  the  residual  rolling  moment. 

As  the  wing  tilt  is  reduced,  the  compensating  differential 
collective  pitch  is  phased  out,  for  the  rudder  is  becoming 
effective. 


Lateral  and  directional  control  excursions  were 
made  at  a  wing  tilt  of  40  degrees  under  conditions  similar 
to  Run  15  (Figure  51a) .  The  lateral  cyclic  sensitivity 
would  be  expected  to  be  identical  to  the  longitudinal,  but 
90  degrees  out  of  phase.  The  results  are  displayed  in 
Figure  54.  A  comparison  of  this  figure  with  the  lower  half 
of  Figure  51  shows  a  similar  slope,  although  greater  than 
the  analytical  slope.  Calculations  underestimated  the  mo¬ 
ments,  most  likely  as  a  result  of  a  reduction  in  effective 
cyclic  inflow  factor,  which  reduction  was  neglected  in  the 
analysis. 


Pedal  Deflection 


Pedal  depression  brings  about  lateral  cyclic  flap 
deflection  and  a  compensating  differential  collective  pitch 
to  provide  pure  body-axis  yawing  moment.  The  body-axis 
yawing  and  rolling  moments  due  to  pedal  depression  are  con¬ 
sidered  a  function  of  lateral  flapping  in  Figure  55. 

An  analysis  of  the  wing  axis  yawing  and  rolling 
moment  shows  substantial  agreement  with  the  maximum  right 
rudder  depression  that  was  tested  (Point  1).  Pitch  was 
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measured  on  the  right  rotor  only.  For  the  left  rotor,  the 
differential  collective  pitch  was  determined  using  Figure 
37. 


The  experimental  compensating  differential  collec¬ 
tive  pitch  variation,  shown  in  Figure  55,  revoalb  substan¬ 
tial  agreement  with  the  design  compensation  (KAC  Report 
G-113-4)  (9)  for  right  pedal  depression.  The  residual  roll¬ 
ing  moment  is  small.  For  left  pedal  depression  however, 
there  was  insufficient  compensation  and  the  residual  rolling 
moment  was  high.  A  similar  result  was  noticed  in  the  static 
stand  tests  (Figure  39) .  This  anomoly  has  not  been  inves¬ 
tigated  in  detail,  but  may  be  duo  to  asymmetry  in  compensa¬ 
ting  linkage  adjustment. 

Lateral  Stick 

The  control  input  of  laleral  stick  deflection  is 
differential  collective  pitch  with  lateral  cyclic  introduced 
to  compensate  for  the  induced  yawing  moment.  Figure  56 
shows  the  rolling  and  yawing  moments  for  lateral  stick. 

The  lack  of  accurate  yaw  compensation  is  immediately  appar¬ 
ent  (the  negligible  variation  of  b^  flapping  with  differen¬ 
tial  pitch).  The  same  thing  was  apparent  in  the  hovering 
tents  (Figure  40).  The  probable  explanation  is  that  so 
little  compensating  lateral  cyclic  is  required,  deflection 
or  lost  motion  in  the  control  system  linkages  prevented  the 
correct  cyclic  flap  input. 

In  summary,  rotor  cyclic  sensitivity  and  control 
power  can  be  accurately  predicted  for  hovering  flight  and 
low-speed  transition  flight  (Figures  51,  86,  88).  At  higher 
speeds  in  transition,  the  analysis  underestimates  the  ex¬ 
perimental  values.  The  reasons  for  the  conservatism  are 
not  precisely  known,  but  they  are  probably  associated  with 
a  reduction  in  cyclic  inflow  factor.  The  analysis  indicates 
the  physical  properties  that  determine  rotor  control  power. 
By  proper  proportioning  of  these  parameters,  any  reasonable 
amount  of  control  power  can  be  attained.  Because  the  analy¬ 
tical  predictions  are  conservative  rather  than  optimistic, 
plenty  of  control  is  available  and  proper  proportioning  can 
readily  be  attained.  The  mechanical  design  of  the  K-16B 
aii frame  control  system,  however,  would  require  stiffening, 
re-adjustment,  and  reduction  of  lost  motions  before  it  could 
oe  considered  satisfactory  for  flight. 

Forward  Flight  Flapping 


An  articulated  rotor  minimizes  the  one-per-revolu- 
tion  root-bending  stresses  in  the  transition  phase  of  tilt¬ 
wing  operation.  But  because  the  blades  are  hinged,  in 
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Moments  Due  to  Lateral  Stick  Deflection 


forward  flight  they  will  flap  back  in  response  to  angle  of 
attack  changes.  It  is  important  that  this  flapping  remain 
within  reasonable  bounds. 

Figure  57  shows  the  results  of  the  wind  tunnel 
tests  of  blade  flapping  for  the  K-16B  rotor.  Because  rotor 
blade  longitudinal  flapping  effectively  tilts  the  rotor 
thrust  vector,  the  resulting  vertical  component  is  akin  to 
the  well-known  normal  force  of  a  hingeles6  propeller.  The 

results  indicate  that  the  slope  increases  with 

advance  ratio  Jjj  (see  lines  marked  JH  -  .25  and  .40).  But 

even  at  a  Jg  of  0.43  (137  knots)  the  longitudinal  flapping 

is  only  about  1/3  degree  per  degree  change  in  angle  of 
attack.  The  principal  reason  for  the  low  value  of  forward 
flight  flapping  sensitivity  of  the  K-16B  rotor  is  the  rela¬ 
tively  large  flapping  hinge  offset.  The  centrifugal  force 
moment  about  the  offset  flapping  hinge  acts  as  an  effective 
spring  that  is  proportional  to  the  offset  and  the  first 
mass  moment.  Therefore,  the  longitudinal  flapping  sensi¬ 
tivity  is  inversely  proportional  to  the  offset.  The  analy¬ 
sis  in  Figure  57  is  that  from  Appendix  D  under  "Transition 
Performance".  It  is  general  and  valid  for  any  value  of 

inflow  ratio,  \ ,  and  can  be  used  for  forward  flight  in¬ 
vestigations.  A  simpler  analysis  based  on  single  harmonic 
flapping  was  used  to  construct  Figure  85  to  point  out  the 
effect  of  several  blade  parameters  on  the  forward  flight 
longitudinal  flapping  derivative.  The  figure  shows  that 
high  jf ii st-uusss-isomer.t,  flapping  hinge  offset,  and  pitch¬ 
flapping  coupling  all  reduce  flapping. 
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Symbols 

Denote 

Experimental  Points 

Symbol 

JH 

X 

.25 

O 

.40 

A 

.43 

D 

.43 

-2  0  2  4  C  f  10 

Angle  Of  Attack,  OC,  Dog. 


Figure  57 

Rot<-.r  Forward  Flight  Longitudinal  Flapping 


CONCLUSIONS 


The  propulsive-rotor  has  demonstrated  its  poten¬ 
tial  to  provide  stable,  powerful,  positive  control  through¬ 
out  the  entire  low-speed  regime  at  a  minimum  power  loss, 
fuel  consumption,  and  weight.  It  docs  this  in  a  unified 
propulsion/conlrol  package  not  requiring  additional  auxil¬ 
iary  control  devices. 

This  control  system  is  analogous  to  the  nelicopter 
rotor  cyclic  control  concept,  operates  in  much  the  same 
manner,  and  produces  comparable  control  forces  and  moments 
by  cyclically  deflecting  a  trailing  edge  flap  in  each  blade. 
Collective  dellection  oi  these  flaps  provides  variable  camber 
blades  that  permit  best  compromise  between  static  thrust  and 
propeller  cruise  efficiency.  Flapping  freedom  of  the  blades 
reduces  out-of -piano  vibratory  bending  stresses  at  the  high 
angles  of  attack  character istic  oi  VTOL  and  STOL  transition 
operation . 


The  concept  was  tested  on  ground  bench  stands, 
and  in  full-scale  wind  tunnel  testing  or  a  partially  deflect¬ 
ed-slipstream,  tilt  wing  airplane.  The  particular  model, 
designed  in  advance  of  adequate  aerodynamic  and  aeroelastic 
criteria,  did  not  demonstrate  the  maximum  potential  of  the 
propulsive-rotor.  However,  when  correction  is  made  lor  the 
non-optimum  design  of  test  hardware,  the  correlation  of 
analysis  with  thrust  and  control  data  obtained  at  NASA,  Ames 
Research  Center,  shows  the  validity  of  the  analytical  treat¬ 
ment  ol  performance. 

Airframe  problems  were  the  resuit  of  either  a  non- 
optimum  configuration  stemming  from  the  limited  basic  data 
avaiitble  during  the  design  phase,  but  now  correct ible  with 
straight  forward  design  approaches  based  on  currently- 
availabJe  d-.ta;  detailed  hardware  deficiencies  which  would 
yield  to  further  conventional  development  effort;  or  prob¬ 
lems,  basic  to  the  VTOL  configuration,  which  have  been 
experienced  in  later  programs,  and  on  which  research  data 
are  now  available.  The  VTOL  airframe  is  now  quite  well 
understood . 

The  propulsive-rotor,  however,  is  unique  and  still 
a  valuable  concept.  Data  from  the  K-16B  program  has  been 
correlated  with  analysis  and  the  analytical  methods  improved 
since  the  early  design  analysis.  Present  methods  accurately 
check  wind-tunnel  performance  and  control  results,  and  can 
be  used  for  reliable  parametric  analysis  of  propulsive- 
rotors  for  operational  use. 
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Studies  have  resulted  In  a  new  rotor  system  design 
which  resolves  the  probleos  that  appeared  in  test  hardware. 
Aerodynamic  analyses  show  that  the  new  rotor  design  will 
provide  a  sufficient  margin  of  static  thrust  to  assure  ade¬ 
quate  vertical  flight  performance  of  the  K-16B,  and  that 
control  performance  will  meet  the  requirements  of  Specifica¬ 
tion  1S1L-H-8501A .  Recent  developments  in  high-capacity, 
nonlubricated  control  bearings  now  make  the  propulsive-rotor 
concept  practical  as  well  as  theoretically  feasible.  Dynamic 
analysis  of  a  new  flap  retention  and  control  system  geometry 
show  acceptable  bearing  P-V  loads,  and  a  very  marked  improve¬ 
ment  in  both  fatigue  life  and  in  systom  stiffness. 

The  airplane  was  designed  to  furnish  an  airframe 
t! JBe  size,  design  load  factors,  and  performance  character¬ 
istics  were  compatible  to  those  required  for  an  anticipated 
military  mission.  Structural  analysis  substantiated  by  test 
has  demonstrated  the  ability  of  the  K-16B  to  safely  operate 
In  the  prescribed  envelope. 

Wind  tunnel  tests  at  NASA,  Ames  Research  Center, 
disclosed  a  rather  severe  wing  stall  buffet  in  transition  with 
an  unprotected  leading  edge.  A  leading  edge  modii icat ion 
that  proved  very  beneficial  on  the  1/8-scale  model  did  not 
improve  full-scale  results  as  significantly  as  expected. 

The  problem  appears  to  be  endemic  with  the  tilt¬ 
wing  concept.  One  solution  has  been  at  least  partially 
successful  on  the  XC-142.  Analyses  have  indicated  how  the 
stall  of  the  K-16B  wing  can  be  alleviated  or  eliminated 
during  transition  both  in  level  flight  and  at  reasonable 
rates  of  descent . 

That  the  use  of  wing  flaps  tends  to  reduce  tran¬ 
sition  stall  has  been  well  documented,  but  no  entirely 
satisfactory  method  for  analysis  of  the  wing-stall  problem 
has  been  developed.  At  the  present,  only  wind  fennel  tests 
of  a  particular  configuration  can  resolve  the  problem.  How¬ 
ever,  as  a  result  of  the  correlation  between  ana  ysis  and 
K-16B  test  data,  it  is  believed  that  the  analytical  proced¬ 
ures  are  useful  for  initial  prediction  of  turning  angles  and 
eft iclencies . 
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perpendicular  distance  fro«  win*  chord  plane  t>> 
centei  of  gravity,  ft. 

ular  distance  fio=  prorellcr  shaft  1  mi 
to  » tutor  «»f  gravity,  ft. 

Wdv  axis  M>al t-a 

win*  mil  ayatea 

angle  of  attack,  dog. 

angle  of  attack  of  wing  In  sllpslri-as.  de* 
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hoiio-nli)  tail  angle  "f  attack,  deg. 
hull  angle  of  attack,  deg 
Made  flapping  Bugle 


pi  ope  11  ci  1  elite  live  M  ap  ilvf  lr-  I  U<ii.  rad 

pi  opal  lei  lciigl  t  odl  m  l  flap  deflection,  rad 

pi  4  *po  1  lei  latcis)  lisp  'U'l  In  linn,  iad  01  engine 
Inlet  piug» -jre  to  -lamUaiil  aalnent  piaaauic  tallu 

pi  it  h  -  Mappt  n*  iiMiplIng 

longitudinal  K-H-h  plst-  tlim  ra<1. 

e  1  r\ at  ui  Ot  l  lei  t  lun  .  dig 

wing  Fo-lei  llap  ilef  let  I  i«*n  .  do* 

I  uddUl  ilef  If*  1 1  011 .  deg 
•>!>>*)  lei  di’f  It  c  V  toil .  deg 

flap  lilt  cfttrti  rnese  Oiilvatlv*. 

duwuvash  at  tailplane,  power  off,  deg 

t.lade  ea«g  fai  tor  -  ^~  [  (*  ~\)<^T»g  (ref  6) 

inioi  e|»|.  i«  n.  y  *» 

horizontal  tall  efti-  iemy  factor 

virtual  tail  eflKieiuy  factor 

blade  piliii  angle,  ucg 

•  nig  flap  (lipn  lets  turning  angla 

wing  straightening  factor 

rotor  Inflow  1  at  to 

ti-r.ir  advance  ratio 

pi  ope  1 1 ei  flapping  hinge  offset , 

an  dens  1  tv 

pi  ope  lit  ■-  hi'l  iill  I  v  1  alto 
wing-hull  111!  Rug  I  •- .  deg 

angle  U  |»n  n  I'olor  icaultant  force  ind  free 

Hi  rcu  ml 01  1  t  > 

“UK  1«-  be  tween  wing  clioid  line  and  free  slieas 
Velocity  !«•»  -t»ujy  level  flight,  deg. 

propeller  l>lntl«-  ml  l>>» 

pol,»r  azimuth  inh|v  1 1'uia  uownatreas  In  direction 

"I  I'ot  —  |  1 1  l|| 

tutor  lolUt  l.u.al  speed.  I  ad  l«(  . 


APPENDIX  A 

PRINCIPLES  OF  PROPULSIVE - 

_ ROTOR  CONTROL 

hoseroue  V/rTOL  aircraft  have  been  a  wl  iro  con- 
tiiulni  U  b*  evaluated  by  the  Military.  A  recurring 
•robiet  has  been  that  of  securing  adequate  ouatrol  in 
•ever  a  ad  transition.  HeneAtadly.  control  power  alone 
ha a  been  obtained  by  aualllery  devices,  frequently  with 


Halted  success.  The  propulsive  rotor  ellalnatea  tb# 
need  for  any  such  aualllery  devices.  OH  three  aodaa  of 
control  are  Inherent  in  the  rotor.  The  following  pages 
contain  an  aaplanatlon  of  the  forces  and  tween  le  that  are 
generated  by  it. 


L-^Happ 


l^ulllbrlua  Condition 

1.  Thrust  vector  la  parj-endicu lai 
to  tip  oath  plana  and  along 
oeater  line  of  shaft 

8.  Centrifugal  forces  on  ttia 
aaae  of  tbs  blades  cancel. 


tqulllbrlus  tpndltlun 

I.  Thruat  la  fixed  at  a  certain 
•  aount  . 

3  Torque  la  alao  fl>«d  cud  the 
direction  of  rhe  eoaent  le 
oppoelta  to  the  direction  of 
rotation  of  the  rot  nr. 


Cyclic  Control  Causae  the  Kotor  to  Tilt 

1.  Ibrutt  vector  tllte  in  direction  that 
the  tip  path  plane  tilts,  causing  an 
InorMnt  of  thruat  on  the  hub  per¬ 
pendicular  to  the  abaft  eats,  emeo 
la  used  aa  a  oontrol  force. 

3.  ••causa  one  elds  of  the  rotor  flaps 
down  and  the  other  flaps  up,  the  cen¬ 
trifugal  force#  acting  on  the  offaet 
flapping  hinge  of  the  bladea  have 
different  assent  rru.  Tt»la  oeueee 
a  hub  soaent  lo  the  direction  that 
the  rotor  tllte,  about  an  a aie  per¬ 
pendicular  to  the  shaft  aals. 


Cyclic  Control 
prtnciple 


locreaaed  Torque. 
(Control  MoMnt)H 


7-^7 

Torque 


Ihaa  Collective  Pitch  la  lncreaaed 

1  Thruat  lncreaaea  giving  a  positive 
l net  aaaat  of  thrust  (dotted  llna) 
par paoJicula,  to  and  away  froa  the 
tip  path  plana,  and  which  la  uaad 
as  a  control  force. 

3.  Torque  Increaeee  giving  an  tnrra- 
■ent  of  loaant  (broken  line)  about 
the  abaft  ante  onnoalte  to  the 
direction  vt  rotcr  relation.  end 
is  used  as  a  control  soaeni 

3  The  eliprtreaa  velocity  of  thr 
air  froa  the  rotor  inerMati, 
causing  an  lnrreaee  of  thw  lift 
(up  force)  at  the  wing  (shown 
later ) 


■hew  Collective  Pitch  le  Decreased 

1.  Thruat  decreases  causing  a  negative 
control  force  increment  Into  the 
tip  path  plane . 

8  Torque  decrease*  causing  control 
woe# nr  in  direction  of  rotation 

3.  Velocity  of  slipstream  air  over 
eing  decreases  causing  reduction 
of  lift  r. r  a  d  vn  control  force 

os  wing 


Collective  Control 
Pr  itici  pie 
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Thaws  are  ih«  haste  sources  o t  control.  T<>  c<>» 
plat*  ths  picture,  tha  cuntrolt  be  related  t<>  th« 

j  lrpliu«  (■  ■  whole.  But  tha  prubUa  la  cuapl  I  rated  by 
tha  fact  that  tha  direction  and  magnitude  of  tha  rontiol 
to  icaa  will  (ha  Of  a  In  lha  transition  (run  hovering  to 
forward  flight.  During  transition,  tha  control  a.iaant 
aaaa  rotate  alth  raapa>  t  t<>  tha  body  ataa  whic  h  auat  ba 
control  lea.  Ilia  control  eyetes  auat  ba  prograaeed  l>*  r«a 
bine  tho  forcaa  along,  and  aoaents  about  tha  conti  ol  a»afnt 
aaaa  Into  pure  forcaa  and  aoaents  on  tha  body  aaaa.  Thta 
Mans  thM  both  tha  body  i>ai  and  tha  control  aoaant  aaaa 
■uit  ba  cuui ldere*!.  H  la  na<  aaaary  to  separaie  tha  wing 
frou  tha  airplane  to  understand  the  control  auarnli  that 
can  ba  appllad  to  it. 

Tba  three  control  aaaa  of  tha  wins  era 


Control  aoaanti  about  an  aala  can  ha  applied 
aithar  by  a  aoaant  oq  anothar  alia  (such  as  a  shaft  axis) 
parallal  tc  tbs  aala,  or  by  a  fore#  at  a  given  aoaeat  ara 
dlatanoa. 


tor  aowsota  about 


tha  roll  ana, 


X  '  . 


lliidar  equilibria  conduioni,  tha  throat  la  a  goal 
on  both  rotor*,  and  tha  turquea  ara  aqual  but  in  opposite 
directions.  Rail  control  is  obtained  by  dlffarantlal 
collactlva  pitch.  Vhen  rolling  left-wing  up,  r ight-wi ng 
down,  tha  thrust  on  tna  left  rotor  la  Incrsaaad  and  that 
on  tha  right  rotor  decreased  an  aqual  eaouut.  Tha  dlffwr- 
antial  torques  ara  additive  in  tha  aaaa  direction. 

Thara  is  alao  an  Increase  in  lift  on  tha  left  wing  and  a 
correspond log  decrease  in  lift  on  the  right  wing  (due  to 
alipatreea)  yielding  a  aoaent  in  tha  aaae  direction  (A-*'). 
If  spoil era  ara  used,  the  right  ting  apolleie  are  attended, 
causing  a  further  down  fores  on  tha  right  wing,  and 
thardfor*  a  aosani  in  the  iim  dir  ctlun.  The  total  rolling 
BOM  nr  la  tha  vector  aua  of  thwee  aoaents. 


f°i  aoaeute  about  lha  pitching  aala,  T'; 


Pilch  control  ia  obtained  by  lor^ltudlnal  cyclic 
control  which  tilts  both  rotor  tip  path  planes  in  tha  aaaa 
direction.  If  the  tip-path  planes  tilt  to  that  the  thrust 
vectors  point  up,  the  wing  pitches  leading  edge  up.  The 
two  upward  fncraaants  of  thrust  (A-A ')  causa  a  some at  about 
thr  pitch  aata  because  they  act  at  a  aoaatit  ara  distance 
ahead  of  the  T'  axis.  The  hub  aoaent a  (8-B()  aft  la  tbs 
ease  (inaction  and  add  to  tha  thrust  ■oaant  to  give  total 
pitch  control  aoaent.  a  residual  up-force  ( A  -  A  * )  is  can¬ 
celled  by  tha  Inea  in  lift  on  tha  wing  (C-C)  because 
of  tha  change  in  angle  of  attach  froa  tha  tlltmg  of  the 
rotor. 


For  aoaou'a  about  tha  all*  ya*  axis,  l ' : 


Yaw  control  ia  attained  by  lateral  cyclic  control. 
Hera,  both  rotora  ttlt  in  the  direction  of  yaw.  In  tha 
ease  wanner  as  pitch  control.  The  sideward  incraaaots  of 
thrust  (A-A'l  and  tha  hub  loanti  coablpe  to  yield  a  total 
control  aoMnt  about  the  yaw  sals. 

These,  than,  ara  the  baelc  sources  uf  eootrol 
about  the  three  wing  ease.  To  coapleta  tha  loop,  tha  coo- 
trola  auat  ba  related  to  tha  aircraft  as  a  whole.  When 
tha  wing  ia  d(«n,  its  three  aaaa  ara  parallal  to  tha  air¬ 
craft  stability  axes,  and,  tharafora,  tba  wliy  control  ao- 
aeate  can  apply  to  tba  aircraft  controls  aqually  aa  wall. 

But  when  tha  wing  la  tilted,  the  wing  and  aircraft  aaaa 
ara  no  longer  parallal. 

Aa  cau  ba  seen  id  tha  following  sketch,  tha  sta¬ 
bility  aaaa  or  tha  airplane  (solid  lines}  are  located 
through  tha  canter  of  gravity;  alao,  tha  V  and  V  aaaa 
are  still  parallal.  Hence,  aoaents  about  the  aircraft 
p«tch  aala  will  produce  puts  aoaenta  about  tha  aircraft 
pitch  aala.  But  tha  X  am)  X1  aaaa,  and  tha  T-  and  £'  axes 

are  displaced  froa  cacl  other  by  tha  angle  of  wlt^  tllt,7> 
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Dif(«r«Otl|l  t  hr  ua  t  Dl»duc«l  •  ttMUl  wbuut  the 
longitudinal  Ilk!  that  u  perpendicular  to  Ihi  •esultant 

thrust  mtor,  If  T-  *°°»  this  Sill  b#  purs  roll  about 

th#  tK*dr  sals.  IT  tbs  fueelege  has  an  Incidence  an*  la, 
roll  sill  to*  with  respect  to  sarth  ikm,  «.*„•» u«  *v>«> 
poeltlve  yaw  coupling  (right  yaw  with  right  roll).  Thus, 
dlf fsrwatlal  collsctlva  pitch  will  glvs  rvtarly  purs  roll- 
lag  tt— at,  so  long  as  ws  h«#p  tbw  body  lsvsl.  Tt  *r*  will 
bw  as  Indue**  yaw  du«  to  diri*r*ntl*l  tolQu#  (which  will 
dapsM  upon  th#  direction  of  propsllar  rotation)  and  to 
differential  sing  lift  (because  of  a)iratr«aa}.  At  partial 
sing  tilt,  thara  la  also  ko  Inducsd  yaw.  In  any  Ci»», 
tbs  yaw  la  cowrf*n**t#d  by  th#  automatic  introduction  of 
dlrsct Iona  1  control.  VLtli  appropriats  progremal ng.  dlffsr- 
•atlal  council*#  pitch  will  rssult  m  pura  rolling  moment 
for  a«y  combination  of  tilt  aod  alipatrsaa  turning. 


Lateral  lycllc  prndutta  a  summit  la  ths  plana 
of  ilia  propaUai  abaft  HI*.  At  DO*-'  tilt,  It  la  j  vre  roll, 
at  AS"  lilt  It  ta  r<»s  1 1  l*s  ly  -  cuuplsd  roll  snd  yaw  of  squa! 
magnitude.  At  00"  tilt,  latsral  cyclic  can  b*  mtd  to 
cL’nJwnc  1 1  on  with  differential  ooilactlva  pitch  to  augsaat 

thiuwt  f*--r  Sijua  l  uuntrul.  The  advantages  wl^l  b*  loss 
posar  traosfar  attoaa  tha  interconnect tog  shaft,  and  lb* 

p"**  lb  1 1 1  ly  "l  blghsi  design  CT  'O  fur  the  piupsll*.  .  Tbs 

aid#  foies  a  i\uaj'i  ny  i  ng  tha  n'lUni  auainl  la  alao  advantage 
ui'B,  for  It  will  produce  translation  with  a  induction  In 
aigulu  rotation. 

At  W"  till,  yaa  control  can  ba  produced  by 
di  f  fer  s'lllal  long  1 1  ud  1  its  1  cyclic  *nd'«>r  differential  slug 
flap.  A  combination  sight  bs  uptlwus.  Uul  of  ground 
effect,  wing  allpstrsam  atralghtsnlng  rsouraa  ths  affec 
I  tvanan  of  d  I  f  far  ant  la  1  long  1 1  ud  leu )  cyclic.  In  ground 
gffait,  alipatrsaa  spreading  aikM  differential  alig  flap 
litaff  ai  t  lv*.  A  ci-ablnalloa  can  be  mada  that  would  be 
fairly  constant  with  altitude. 

If  partial  lilt  Is  uaad,  about  43”  is  aiilaua  fur 
go.nl  yaw  #f  feet  l  vsnaaa  fros  lataral  cyclic,  hot  thsrw 
will  alau  l>w  pnwllivw  loll  couptri^.  This  will  call  for 
the  Introduction  of  diffsr#ntlal  collsctlva  to  balanca 
tha  coupling.  Differential  wing  flaps  will  also  produce 
yaw,  probably  with  ana  LI  negative  roll  coupling.  Theta 
sight  bs  a  combination  of  lateral  cyclic  and  differential 
w‘ng  flap  that  will  give  puis  yaw,  depending  On  t*'S  airframe 
da#  n  g#oaa#try. 

Th#  K  lHfl  uaad  a  partial  tilt  concept.  As  noted 
earlier,  only  about  id"  of  ellpatreae  daflectloo  waa  finally 
obtained,  requiring  tbw  wing  plan#  to  assume  ec  attltuds 
of  spproalmately  74"  in  hover.  At  this  high  attitude, 
lateral  cyclic  produced  melnly  rolling  moment;  thus,  di¬ 
rectional  control  of  the  aircraft  ni  Inadequate.  Design 
changes  would  be  required  either  to  increase  ellpetisam 
<  e  f l act  loo  to  permit  tilt  angles  of  th*  order  of  43°,  or 
to  change  directional  control  from  lateral  cyclic  to 
ulffsisatial  longitudinal  cyclic  plus  ring  flap*. 

An  interconnect  bet**#*!  th*  wing  and  the  control 
sysl-s  dstsrelr**  th*  routing  of  pilot  control  inpul*. 

Thuw,  in  th*  ving-doen  position,  th*  rotor  cyclic  coutrol 
1*  divorced  fro*  th*  control  input*,  and  the  pilot  op¬ 
erates  tb#  aerodynamic  Surface*.  As  tne  wing  is  tilted, 
th*  interconnect  actuate*  a  Vaeen-pat*nt*d  linkage  that 
prop.,  rttui  ally  changes  tb*  **n*#  of  direction  of  th* 
pilot’*  control  Input*,  permitting  control  to  th*  rotor. 

In  the  K-1&H,  this  also  decreased  control  to  the  rudder 
and  elevators. 
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APPENDIX  B 
VEHICLE  DESCRIPTION 


Tn*  Mi'll  funf  I  |uri  i  t  on  lUUlaii  uf  *  pattlilly 
II I  (  I  n|  «ln|  ainiil«.l  *'n  *  acdlfieri  JHF  3  f  <']>|»  Tlir 
l*i’«r»l  irr«B(MrM  U  shown  In  Fygaire  5.  «  .1  pagr  In 

Mill  of  Ihi  wing  ■i<t|ii’.ri1  hut1.)**  !■  tlWIlllfO  a  TlljH  GKfl 
ti'|in»  Tv  keep  Ilia  tiifln**  fllli|ii  ttiolr  <)utllf  Ini  III  Kl,  | 
envelop*  ah  Ur  wing  la  Ultml,  l|.  ay  hr*  intullti  >i  a 
TS  deg'  ac  Ju»n  attitude.  Tlu.augia  •  taduulon  «#ri  k.n 

•  •i'll  engine  drive*  •  p>i’|M*t*iv#  rulut  The  p"*ti  and  <i  lie 
#T»U"  In  «aih  nacelle  ala  Inter  Conna^  teal  »i  y  a  ■  i  u*»  f  I 
tn  th#  tlnj  leading  a.lga  ,  Ih'j*  Ovoldlng  a  tri  !■  u><  iujuumI 
rli  al  tliiuat  i>rt»b»«ae  In  tin  wvanl  n!  uw  ti>|iinr  lillun 

Ti'«  v«i  I-m<  •irui'tural  and  iijmku  are** 

ara  in  if  fly  tlrn  i  l|>r<l  In  ilia  foil. -a  ins  |-arat’*r'i"  .  a 
•UM‘11  of  p*riln»m  d  I  mansions  I  la  ll.k  *111  I'* 

found  at  the  end  ««f  thle  anandln 

horpH  STS i am 

Hi*  iTi'fulai va  inltr  1*  a  13  ft  3  in  diaagiar, 
th«#«  blidfd  eyetea  Dier  load  In,-  la  In  tla*  hi  Jar  rf  33 
lb*/ft*.  Vai  lalila  a *ab#r  la  provided  In  th**  f  <ia  of  d»r]c, 
table  trailing  edge  flajs  on  the  blade* ,  prrntittng  th* 
bar  t  cospr.-el#*  between  atilli  throat  in  hover  and  |.>o|>ellei 
crulaa  efficiency  /lapping  freedos  within  *2tl  degi  ene  . 
rod  •  tonad  teairaint  hy  Pvllwvlll*  tyring*  In  lead  lap  ara 
provided  Outboard  of  the  flapping  hinge  la  a  Made  feethei- 
tog  hinge  The  only  *|gntfj«*nnt  departure  ftua  ,  uirrn! 
helicopter  rotor  pra<tl<-e  ltee  in  the  relatively  eaa  1 1  dt 
•laater  and  higher  operating  apaeda  wMployao,  present  ■«n«ua 
rotor  rpm  being  Taj  The  Mton.  ch»*n  in  Figure*  38  and 
30  rotate  In  oppogde  direct  Iona  to  cancel  torque 

The  airfoil  section  la  an  MCA  10- 3"W  aodified 
in  the  flap  era*,  and  \a  tonatant  fro*  Bled*  9ta.  43  to  the 
tip-  Fl»d#  chord  1»  ron» I* at  at  18  in.,  with  a  apanwlaa 
waebout  of  -33B7  riagiaw*  par  inch  Th*  aubs*rg*d  f»*p  ha* 
an  envelop*  of  Ob  pwreeat  of  bled*  chord  and  3D  percent  of 
actual  blade  a  pa  q 

The  huh  (Mgyirs  **<•  I*  •  uwpoaad  of  two  fiangail 
plate*  ■achaji'a  lly  joined  together  by  1 1  attacliaaot  to 

•  aplodl  dl*p.-»#<t  oo  l*'e  centerline  «>r  the  **e*al]y  At 
10  percent  of  rotor  radio*  and  anally  dlapuaed  at  120 
degrade  era  three  universal  croweae  each  retained  in  the 
hub  a.-aanbly  by  a  doublo-row  taper  a. I  puller  bearing  u  mr 
low«r  pin*  and  a  needle  bearing  in  the  urpwr  plate  bled* 
flapping  ■  .cure  around  on*  aal*  of  thl*  ..run,  lead-lag 
about  th*  other 

Tha  r>'tor  loitlrC  ayetaa  l.iurvotnia  a  avail, 
plate  (Figure  Hi  Mounted  on  t  hi-  pruprlact  abaft  Tit.* 
*wa*h-pl*t*  constate  of  a  stationary  saabar  in  which  la 
Mounted  a  rotating  aaahar.  th#  aenvwbly  In  turn  la  aovinied 
on  a  ephA.'lcal  ball  ceat  a»#*»bied  on  the  pr. -pallor  ahaf t  . 
Both  cyclic  and  culUttlvr  contiol  of  the  rotor  r«  a.  i  o* 
pitched  by  diaplareaant  of  the  **aahplate.  the  *a*h !>]■<* 
■ulluo  la  translated  through  *pp»  «»pr  j*  t*  linkages  into 
not  leu  of  tha  blade  flap*  Angular  al'wp  la.vwem  «.f  thw 

•  aaahplate  niuht  In  a  atnuaoldi]  Made  flap  notion  aa  the 
rotor  revolve*  pure  anti  aft  ,iia)  U.  f««»i  .f  th:  >•<«•••.!■(. 
rate#*  a  slnul  t*n*<>u*  t*«»l  ter  five  flap  ti«.i  ie>  n..n  ..{  all 
three  flap*  that  la  n«»l  *'f*a.t*d  by  rotor  rotation 

PQWtft  AMP  DHIVK  SYSTIM 

A  i.'hrv*'  i.-  J‘i|r«p  ot  the  drive  aye  ten  la  .Its 
played  In  Figure  >~>2  111*  engine  le  ;mt',l(J  at  a  ».i  degraa 

noea-dowo  attitude  tn  ktep  »i  within  lie  qualified  fltghi 
s vw  1  opw  a*  the  wing  1*  tilted  This  require*  an  lnter- 
nadlaie  gwarbo*  to  perait  drlvi  Into  tha  wain  tranawlaalOn 
because  ntructural  ■•on*  tdar  a  t  1  nnn  prevented  'natal  ling  the 
angina  SO  that  It  <  On!.!  drive  directly  Info  the  Jain  bos 
Th#  internadlate  gearbox  itrp*  up  the  engine  t|«  .if  8000  In 
hov#r  lo  th*  ne \ r  gtarhux  Input  rpa  of  tt3-i>t  Tw-  ■  itt|*a  of 
reduction  -  th#  ;ir*ii  *  2.31  1  spur -gear  awh,  t  be  aecond  a 
1.11:1  planetary  tr*|i»  -  reduce  th*  Input  ri*  ti»  th*  733 
rotor  rpa  lb  hover.  -'n  the  nUn  box  Input  ana  ft  1*  In¬ 
stalled  *  conventional  sprag-typw  fie*  ehrallug  unit  whl.h 
#ot oait leal ly  diaengagw*  the  angina  in  the  #«#nt  of  *o 
angina  failure .  Oppoaad  hand  rotation  of  Ihe  rotor*  1* 
•acurad  In  (ha  fir#!  wtag#  reduction  hy  adding  an  idler 
gear  In  th*  apur  gear  train  in  on#  box  V'hei  than  that, 
both  left-hand  and  right-hand  drive*  are  Identical. 

Thw  two  wain  botes  are  Interconnected  l>y  a  .  ru*e - 
shaft  lb  th#  leading  wdg*  of  tiw  wing.  Two  spirt]  bevel 
gear  sewhae,  a  loaar  and  an  upper,  togathwr  »lth  a  v<*rtU»l 
•baft  lr  th#  *i;p  h»x  cosplete  vh*  inter cunnag 1 1  on  At 
723  r{M  th*  crose-Bhaft  r pa  la  120(1  Driven  by  thl*  crons- 
Obaft  and  substantially  at  the  aircraft  centerline  la  an 
■  cuMlori -dr  1  **  g#»rbo» 


The  qua  1 1  f  l  *d  flight  envelope  of  th*  TTSB  OH 
engine  lira  iwaullwd  In  .in  uiniaui  I  Installation  *lth  a 
p.««ll>U  wing  (indy  aialv  tn  the  mdir  of  J  U  degiaea  Ip 
h<  vet  .  t  it*  t  a  1  ]  I  ng  t  lie  engine  ai  a  33  dagia#  nu#a  d-two 
a  I  I  I  i  >id#  k*i'<  1'  wl'hln  3  rtegraa#  of  the  qualified  30  degree 
n. mr  Of.  Wht-  h  **u  «  "nw  1  <•#( #.l  Bicaptalil*  TV#  qualified 
n.'lr  a  i  •  «  t  u.b  1*  43  degtrea  W*  !:*a1  i  uiwlddki*  In 

mailing  th-  rug  i  i.ea  tn  the  fueeleg*  but  Jta>  *■  d«J  thle 

l>(.  (uk<>  th . .  i  an  |«  j>  uf  high  huraap**!  through 

1  •■iiy  di  I  ve  sl-a  f  <S  ivlulIM  In  .  (vtlt)  design  difficult! we 
In  tha  tint  of  aright  .  shifting,  (Oi-pllnge,  and  t-warlng* 
li.t-.|  luiilil)  ,  1 1.,  final  |..*rt  and  drlv*  n  y*  l  re  had  lspusad 

>>n  t‘  a  Iiuslt  I  Ui>r  -|  «•■*(#  I- 1*  rltl  intfu*  yri.l.Uaa  tn».  *ue» 
of  t  lo  ainot  !••.  .«••■  l.ihial  lit  ion  (Ml  lf|vi  (•  U  11-  3V  ,  and 
:»•»<>*.  TH ) 

b  1  MIV  I  I'MF 

ll.e  (li.g  .Italgn  1*  .uiixnl  l.-ntl,  lOitAiatlrg  i-f  * 

I*  hi*!  d  « i  ll-i.i  <•>'  r  lat.ge  type  ahret  aria]  *, to.  lure  In 
S*  net  a  1  .  the  ,  r  i  >  et  la  for  VI'  il«*s  aircraft  (Mil  A  8b2V) 
wire  u»r.l  f.  •  atiu.«ui.«T  deals''  Tl.e  wing  is  ahewp  In 
Ftg.oa*  ivy  ,  „j  t.|  lot  atrui  lutH  •Inpllcttjr  reason#  1 1 
•41  aleslteal  I..  h«  V.  the  Wl.ag  111'  Bat*  at  a  npr  ui  I  MX  t  a  l  y  80 
I*  i.  ml  MM  i.  i  i--a  l.li  tl.v  arlng  with  sufflctwM  torBlolial 

at. I  1 . 1 1 it*  Mtii  »,k l *•  T|. I*  paattlon  aim.-  raaulta  in  a  nag 

li.it  1.  iviiitt  a ».  i  •  .i  I'.nd  wing  ft-rm  with  res  pact  to 

*  li<  CO 

filly  fit  1-i.t  Bran  .h-id  r.awlai  tlaiak,  on#  aagnant 
lhl-1-aral  a  ml  >.ia<  m  pMciat  ■«uib..ard  ol  tha  naiell*.  are  In 
•  tailed.  Ik.-h  flap  is  •  built-up  ahaet  salal  etruclura 
ueiig  f-.rsfl  si'#ra  and  Ml-n  *llh  ehaal  a*  I  a  1  akiQ  flap 
notion  1*  y-a  «,gi  *»n.  •!  hy  th*  i]a»*lcal  t*u  Iruk  ayatwn 

The  »«a#.-n*  f.i  u«mK  a  wing-flap  conbloatloo 
haw  bean  enu-e.*trd  F.  ,  th*  g  lag  th*  syatan  wa#  daalgnad 
»«  provide  a  a'lisu*  wing  ’fuselage  angle  of  04  degree*  when 
lr  hover t ng  flight  Oof  appioach  conaldwrwd  two  alters 
native*  on*.  80  degree  *ing  tin.  two,  a  raaaonahle  degree 
c»  »1  l|Wt rn*  turning  ana  per.tal  emg  tilt,  v*  cboa*  tha 
latiar.  Though  th*r»  la  a  turning  l-m*  asaoclatad  witn 
a|]|a!r(ia  dwfla.  tlon  and  th*  r-‘tor  vwrtlcai  for.:#  a  con- 
ponent  of  t(\ru*t  (rsthwi  th*o  full  thruat  at  80  dagrawa), 
th*  Initial  lower  lilt  was  eapsetad  io  aid  In  r*dgclag 
tikiwMion  aiall  »«  wars  *l*u  confronted  with  »lt  aiigins 
it*  1*1  la  lion  prut,  lea 

Spot lii  v ,  used  for  roll  control,  ara  alnpl* 
t'uiltup  ahaat  n*tal  atrc.-iur*  and  extend  fr«  *lng  Bt*.  37 
to  th*  ttp  (Figure  81.).  Th*y  era  liJi>ll«d  aa  three  inter - 
connected  sagwenta  inboard  of  tha  nai-all*,  two  lr t*v-,  ocnacted 
•iutb>'«rd  %»f  th#  nacelle,  and  an  "awslat "  spoiler 
at..v#  tn#  na.all*  Th#  •aalai  *i<oi)#r  is  ptn-hiogad  *l 
lie  trailing  a-lg* .  tha  otnara  at  thrtr  leading  a  dig#  a . 

Th#  la*.  *)]*  (Figur*  06 ;  la  a.f  a**l -n-mocoqtia 
con*  tract  Ion  of  in#  concentrated  fjaoga  typa,  <  »iw  la  t  tng  of 
f..a»r  earner  longeron*,  two  upper  longarona,  sod  transverse 
frawwu.  ’  la*  '  *v  Hon*  *r*  ua*d  as  panel  breaker#.  Machined 
Mitingi*  provtai*  for  wlsg  and  traosslwaion  nountlug  and  for 

inktillki  |i.n. 

A  surplua  J0F-3  fuaaiag#  was  nodlflad  t  .a  acccm.i- 
•lai«  th*  lllt-»ing  Tha  wing  ranter  Mellon  waa  rawovud, 
ard  the  fuss  lag*  fiasw*  in  1  he  era*  *ir#ogth#ned  and  #xt*nd#d 
to  fora  suprnrt  pylon*  f0r  the  tllt-*tBg  (Flgur*  C>7  A 
fixed  cMtuar  .e*r  r  j.in  trailing  edge  bridge*  tha  pylon*, 
forning  a  3*nt  To  th*  front  spar  of  ip*  bent  are  attached 
I*.*  wing  trunnion  fittings  about  which  th#  wing  tilts 
a  figure  t«8) 

As  lu  the  original  JHF  3.  tha-  K  10B  asplcys  tip- 
floats  tn  furnish  »  hawling  righting  sonant  Huvivar,  t  tie 
at  u'-navot  tn  *  ult-wing  aircraft  1*  not  that  ample.  with 
a  solid  attschsent  a»f  f  1  o»  t  - 1  a>  •  w  t  ng  .  at  tha  wing  la  tilted 
th#  float  will  depart  free  Ha  har  1- a  t  ab  t  1 1 1  y  waterline 
p<alii.)o  Tttua ,  eg  in  ih#  f  188  on#  float  atrut  sub  t  b# 
amtansibl*  and  pi  ograaaad  to  wing  lilt  to  salntam  th# 
original  haalatabl 1 i t y  position  of  ihw  float 

FUCaHr  CDkTROt  :  YBTIM 

On#  of  th*  fundanamal  rrt'arM  aatablkshad  by 
Iia«n  for  any  proposed  V'STOl.  aircraft  raqutrad  that  th# 
pilot's  controls  be  siwpls,  conventional,  and  devoid  of 
any  uouaual  rbtra.ta r Int tea  calling  for  apwrlal  pilot 
ahtlls.  Although  th*  R- 108  concept  canters  on  the  combined 
contrail  faxtur**  of  an  airplane  and  a  helicopter,  th# 
ton t role  prevent  at  too  to  th#  pilot  and  th#  technique  for 
their  operation  Ota  nearly  Identical  with  tho*4  of  coovsn- 
tional  alrpl*nwa  Th*  |>t  lot  's  baelc  control*  connlst  of  a 
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Figure  59 

i  m  1  1  C  4  >rn  D  , 
f- “  *  -J  A  »  V  tit 

Assembly 


Figure  67 
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etngln  stick,  ruddei  pod*  Is ,  Sod  Itirukl  control  The 
control*  pr#»iiu*t  Ion  !•  tuba  tint  1*1  ly  the  ••  that 

found  in  any  multi  engine  fixed  wing  aircraft  except  for 
the  substitution  of  •  stick  In  place  of  ihe  JRf  wheel  at 
the  right-hand  station.  This  change  was  made  at  ths  request 
of  ths  cnsr»ny'i  \  •*  t  pilots  wl.n  fslt  that  stick  control, 
bring  stsllar  <u  that  of  a  helicopter,  would  eliminate  • 
first  flight  variable.  A  rsport  of  an  Informal  cockpit 
■ockup  rsvlas  la  pr«aeni*u  in  HAC  Rsport  0-113-3  <«) 

Boih  roll  and  pitch  control,  whether  he]  copter 
or  flasd  wing,  are  secured  with  wither  the  stick  or  the 
wheel.  Yaw  control  in  both  regtwsa  is  obtained  *lth  con 
vent  l uni  1  pedals  On  both  the  *Mck  and  the  wheel  le  a 
beeper  switch  that  controls  wing  tilt. 

On  s  centrally  located  consols  are  two  conventional 
eitgtne-condlt Ion  control  levers  and  a  rotor -thru* t  control 
laver.  In  the  airplane  regie*  this  latter  control  performs 
essentially  the  ease  function  as  does  s  throttle.  In  ths 
helicopter  regime  it  is  used  to  control  rotor  thrust  to 
■alntain  altitude  and  la  in  fact  collective  pitch.  At  the 
aft  end  of  the  console  is  a  conventional  wing  flap  control. 

On  the  thrust  control  lever  in  a  "beeper1  switch 
by  eh  1  eh  th«-  pilot  can  phaso  in  or  out  The  degree  of  run'i 
control-sensitivity  Although  In  operational  aircraft  rotor 
runt  rol  -*ew  1 1  1  vl  t  y  could  bo  programmed  hy  wlt:g  tilt,  nr 
wing  flap,  or  mar  other  and  suitable  parameter,  it  la  ad- 
vinabls  that  in  roses  ret)  aircraft,  rotor  con  t  rol -aens  1  \  l  v  i  t  y 
be  direct  1 y  responsive  to  the  pilot  ao  that  varied  aenai- 
1 1 v 1 1 1  as  and  harsoniza t Ion  programs  can  be  Investigated  in 
flight.  To  further  increase  the  flexibility  of  flight 
research,  four  additional  switches  a»-*  mounted  on  the  In¬ 
strument  panel  for  individual  control  Of  sensitivities  of 
blade-flap  collective,  pitch,  roll,  and  yaw. 

Cyclic  and  collective  blade- flap  control  run*  are 
cable  and  push-rod  to  th#  rotor  swaahplate  where  they  tarsi- 
oata  at  threa  eervo-ac tuators  that  control  swashplate  motion 
Blade- pitch  control  run*  are  also  cabls  and  puah-rod  to 
anothar  Ssrvo-actuator  which  in  turn  control*  blade  pitch 
setting.  Rudder,  elevator .  spoiler,  and  engine  controls 
are  cabls  or  push-rod,  a*  applicable. 

Surface  control  *C f set i venea*  la  obviously  Basil 
at  low  airspeeds.  The  converse  Is  not  necessarily  tru*  in 
ths  case  of  rotor  controls  because  th*  system  te  designed 
to  low-spesd  requirements ,  end  banco,  a  constant  «,r  direct 


control  Input  throughout  the  operating  rang*  say  be  ftajod 
m  yield  excessive  control  at  ths  higher  airspaada .  Pro¬ 
vision  has  bean  aada,  therefore,  for  s  reana  by  rhlch  th# 
rotor  controls  Input  say  be  varied  automatically  and  grad¬ 
ually  fros  maximum  to  »*ro  (or  conversely)  as  a  function 
of  wing  tilt.  This  dales  is  slsply  *  linkage  lo  which 
ths  lap’s l  ttj-oMt™.?  ratto  is  varied  br  ssans  of  *n  adjust¬ 
able  fulcrum  on  the  loput  laver.  This  llokage.  pstsntSd 
by  Uear ,  la  in  current  use  In  lh#  control  system*  of 
production  HOE,  HUE,  and  HHS3  helicopter*. 

Il  1*  of  special  significance  to  not*  that  pro¬ 
portioning  or  rotor  control  to  surface  control  la  s  con¬ 
tinuous  action  that  la  accospllshed  ooth  gradually  and 
automatically  There  is  no  transition  point  at  which  the 
pilot  suit  change  hla  flying  technique.  Th*  maneuver  is 
continuous,  and  can  nor*  accurately  be  described  as  an 
extension  of  airplane  flying  technique*  down  to  *#ro  air¬ 
speed  condition* 

SYSTEMS 

Electrics),  electronic,  sod  hydraulic  syw taws  arc 
conventional  and  aispls  in  concept,  in  keeping  *lth  the  phil¬ 
osophy  of  simplicity  and  austerity  dwsanded  by  th*  program. 
Insofar  a*  puealble.  "off-the-shelf"  components  wars  used  as 
In  or  with  wlnor  wodl  f  lemons  ,  rather  than  deal  go  log  compo¬ 
nents  for  a  particular  function  This  has  resulted  in  sou# 
penalties  in  weight,  and  in  space  problems,  but  woithehlla 
from  the  tenuuey  viewpoint. 

It  was  necessary  to  specifically  design  th*  wing 
tilt  setuator  syates  Trad* -off  studies  indicated  that  an 
elrc trowechaoica 1  syates  would  possess  several  advantage* 
over  a  hydraulic  system,  pot  lb*  least  being  *  simpler  and 
wore  positive  lrrtvsreibl*  •schanlsm.  As  th*  systss  now 
exists ,  two  interconnected  elec tromechanlca I  actuators  art 
used,  each  driving  an  irreversible  Acme- threaded  strut.  Th* 
actuator  bodies  are  fuselage  mounted,  one  on  sach  elds,  and 
the  struts  pin-jointed  to  the  bottom  surface  of  th*  wing 
front  spar. 

A  question  *t  this  ties  of  establishing  design 
parameters  was  -  what  should  t>«  the  rat#  of  wing  tilt? 
Pitching  analyses  indicated  that  ths  Navy's  experience  with 
Wing- flap  ex  tension  and  retraction  would  sake  a  raasooabl* 
parameter;  so  wing  tilt  rats  was  act  at  th#  Navy's  spec 
rate  of  3  degrees  per  second  for  flap  opera .ton  On  top  of 
this,  an  emergency  wlog-down  rate  of  3 -seconds  was  Imposed. 


Table  in 

■  uMwry  of  principal  Design  p|gmlon» 


*!*»<  «* nd  tr  ul  S ur  f»cn 


Span  (•Itif ) 
•  oiti  fhitrd 
l i p  Chord 


#rM* 

Flag 

*inj  rj*p 
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DETAILS  OF  FULL-SCALE - 

_ TUNNEL  TESTS 
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in  Append!  *  1).  a  (fm  til 


TM*  1  iiktl  umi-ulal  loo  *aa  i  ecoi  ded  at  bull)  the  ihiuol  viand 
•nd  the  *m<l  tiinni-1,  A  i  niuUl  ^  n  uf  the  1  oat r umeu  l ■  I  iut 
an  l  aaiii.x!  uf  lecuidlng  *111  b«  found  lu  Tabla  IV,  Appen 
dll  C. 


Tu*t  uj'i'i  al  Juna  at  NniA,  An.**  Hui«li  J>  Onlei 
(ARC)  (in  londiKi-id  in  t«o  phaaov: 

a  Opd-tlou  up  m  mi  juNu-.ii  Hat  l<  1  In  u** t 

•  laild  f  ijl  aJUlulM  l_)lvV-l\\  I  •>>■-!  t  .» ►  *  '  1 1*  ->f 

liovei  dud, 

•  al’. id  in  lino  1  o|>n  altuii  In  1 1  an*  i  <  ion  and 
f  lh*«l  f  I  Ight  . 

A  di'teilpUon  full o*n  of  the  thru.it  eland  *.!*•»  I n»-  - 

I'd  fur  the  E-li'tt  pr  ogr  an .  a  uoii  Ip! ion  «»i  *  ti  *■  foil 

*  j  nd  tuniK'l  will  i)i'  found  in  ‘Guide  Cur  l’l  a-i* 1  'nt  lim  kl  i| 
at  ions  in  in.  Am./w  gyxbu  Fool  wind  Ttitmr  I  <  *°)  . 

llu'  11)01*1  i*  1  ai'-l  «a«  Ini  i«i*  Hi  api-m 

outs  I  dv  the  haugni  of  T  l*»*  AltC  Atr.iwfl  !l«i\i<-  11.  ■inch.  Ilir 

or  Jen l at  ion  a*  In  *.i-»  I  l  xml  In  a  Nmth  mnjll*  M >  •  «  Ml  th<.* 

all  piano  liv  a  ilml  3<-ii|li.  Height  .ibovu  tin  gr.»vni.|  and  lln 
fuselage  angle  ■  •  I  ■itiai.k  fixt-J.  lln  aland  atrin  - 

Tut*  was  a*Ht*v"l.*li  >1  Into  ’  »c  1  for»*  liun  tin  I  aliiins.  At 
III*  extruxu**  of  in*  *  rot  .  uai  ami  I  h>  foul  of  the  lfK  ■m1 
miti  in  1l>«  -»>  nf  l>i«  aircraft  land  in*  m  .  b*  tending 
forward  frna  in*  .toii-Iiu,  *ub«  1  kut i a  1  ly  at  tin  ruin  g<  ai 
pick-up  aaata,  **ii*  i*u  addl t  lomi  1  rrmhrift  In  ..Id  In  pilch 
atabl  1  uttiin .  Tin*  nili'r  aliuctuir  ***  l*g».-d  lt«* 
concrete  apron,  and  »«»»•  10,000  in*,  of  *t«u*l  block*  pls>.  vd 
onto  the  kiand  atructure .  Tito  alxraft  landing  g<-ar  «aa 
replaced  by  adapter*  which,  thiough  load  evil*,  mounted  the 
klrpl  ami  to  th»  aland. 


Add i i ior ■ 1  Inal i u**Dtkt tya  wan  act  up  by  ARC  tu 
■  •-iur«  fore*  data  at  tho  ihruti  a*  and.  The  foie*- Indic¬ 
ating  loSdcallw  ai'Miirranntt  trrt  traoaalitad  to  Indicat¬ 
ing  Mic  rc'Vu  1 1  I’ol  nil  inrot  ai  a  (IMF's)  «hoar  readings  were 
(•coidtd  both  v  i  iuil  Ij  and  phutugr  apt'  leal  ly  . 

At  th*  wind  tunnwl  am.  runnili!  f*  r.  e  and  Bvwtat 
•il|l>iilk|i  j  dual  ay-nil  *.  dial  on  If*  I  he  balance  house 

:  -iaih  tin  l'-at  in  »  l  1 1  in  at*  link'd  to  print  thalr  read 
|nhs  <>n  tap. -a.  btiul.i  gage  r.-adlrig*  f  i  is*  within  th* 
mill)  *!■  f«d  in  I  Mi  u  lie  ail'd  In  the  control  i  ou«  adjac- 
I  ill  t  .  i  ho  tuniii  1  :<nl  st  it  loll.  The  data  laioidad  on  tbw 
IMP'*-  Hi!  I'lUMil  t  tu  :  ugh  a  Piaall  computer  that  avci  age* 
tin  ■  i-ail  i  w  un<l  .» t  iry  1 1  anoiiue  ]  y  typn*  out  and  CSrdpuuchr* 
>Uu  |  ••iiit.  Tliiy  iiiaiputn  la  Manually  fvd  *ucb  data 
h-  i  dr  ,iui  l>n  and  *iii(i  nil  anglu.  Tb*  punched  carda  ara 
I  a  l  >  •  iiiti.ikJcud  min  a  oiri-uu-i  p'-ugrem  that  correct*  #ur 
m.k  h  i  :  i  n.n  a*.  fil«t  It-  avlght*  and  luunal  *all  «ff*ct*  to 
(iv  final  data  for  <•*«>■  run. 

A  i  ujpi  i  a  •a--  ti-J  at  a  hatch  in  tin  tunnel 

vtlllnc  at)  a!  t  ttu-  anplanu  to  i  rcord  lull  patl*rua  un  1  h* 
wing.  Tlic  (Min  »  vjh  oiianlod  t>y  nb»m»n  at  thia  atatlun 
*  |i. .  ok  kt'|  i  in  i  iTimuuii  at  inn  with  th*  control  rooa  via 
•n  Intel co*  ay Kt o* . 

KaJtan  i  #rm  d«»d  data  on  tin**  lii-lach  oacillo- 
(i  tpin ,  and  visually  ti-cordid  Indicator  raadinga  at  the 
iuou oi  conaol*. 


Th*  wain  landir.K  g*ai  atata  ac.  v  latuially  in  a>  ed 
to  outboard;  the  tail  naat  was  no!  braced.  Initial  running 
dlac'oaau  that  the  *TBnd  had  a  «*voi*  tcvoram  r  in  y*a. 
p*r*lttlng  th«>  aircraft  to  approach  th*  threshold  of  i. -.la¬ 
bility.  Additional  bracing  «aw  Inatallad  -  laterally  lit— 
tv**a  the  *aio  aaat*  and  lataialty  at  rhu  tail  *a*t. 

The  final  configuration  of  th*  atand  can  he  atx-n 
In  Flgur*  dll  Tha  load  c*lla  lnat allat  Ion  can  tu*  *«•  n  in 
Figure*  TO  and  71. 


ThfT  PPKHAT1UXS 

Fol  loa  1  i»h  aaavably  of  tb*  I-10B  a  functional  tl*- 
do«u  checkout  of  all  ahip  *yat***  *aa  run.  Thu  airplane 
.11  then  diaaaacMblvd  and  on  26  3«ptcabar  1*60  al r-ft righted 
via  HAT3  C-1‘3  tu  NaJA,  a*v*  R*a*arch  Cantor,  Moffett 
rielii,  California.  An  equlpnaot  malfunction  in  the  C-133 
«.<)K)>i'Uvd  it  to  lei  email  at  Ttavi*  AFD  where  th*  C-lflB 
and  it>  ani.|1Uiy  vqu Ipaent  writ*  transferred  to  C-l2i'e 
tui  i  rahMiiipiiit  .1 1  to  Moffett  Fluid. 


Though  th*  atatic  eland  ***  adcquair  f.u  t  tu* 
original  purpoau  of  ayato*  checkiut.  it  let t  mu^h  to  be 
deal  red  when  th*  progt  aFi  as*  expanded  o  1  m  lud<*  t  hi  *  -aK l i)|t 
of  hover  data.  Ber*uac  It  ■»*  c*>»plet*ly  exposed  tu  the 
weather,  teat  Deration*  could  not  be  conducted  under  >*ou- 
t  rolled  conditions.  H«a%  y  rain*  and  wind  a  of  10  knot*  -m* 
higher  frequently  reqoi-od  curtailing  »»»'  waiving  *081 
operation^.  The  eff-«cl  «*f  Icuaor  »inJh.  and  perhapn  t 
laportantly,  the  fixed  or  leu  1st  l'<n  of  tall  t-*  **«•*))  l  i  al  ly 
constant  prevailing  wind,  la  a  ra.Hit  que*  i  ion ,  tml  It  d-cn 
give  rise  to  d.>uht  of  the  quant  1 1 stive  validity  <>f  v.>n* 
data  -  particularly  Slipstream  turning  and  drag  d.ilft.  tl 
ia  unf  ortunal  <•  that  the  unlvciwal  ihiuet  aland  that  Ait*'  u# 
1*?  ejecting  -i  th.  tie.-  mi  ncgol  1  u  \  HIk  tin-  |u'iui*'  -a*.  ..-5 
available.  liuwovoi  .  d***plt**  tin*  lln|taii..iia  .if  the  >tam» 
a*  built,  data  of  *»•>' ‘e  value  wan  ohtulnvd. 

In  thi  bsckgiouivl  ot  Figure  *■>»  *ili  b*  s.*»*u  a 
trai  lor  in  which  *c*i*e  liiHtalled  *  i  eai.it  e  control  .  oi  •■•l- 
and  all  recut  du.g  and  lndi.wtmg  in  t ■•■  •u.'iitat  i (.n . 

All  alici-nft  n]  widow  »*‘l*.|  ren.iti'ly  •  onl  i  *  •  I  led 
from  the  cuitwule  tFiguri  72).  Conti  ol  input «  -.»•  ■*.-•  •»  q* 

lialmd  by  «»1  i-ct rumcchaiiicH  1  lincai  tctuutoi*  install'd  in 
the  whip  cockpit  (Fir.uie  7.1>.  Th.  acluatoii*  -«.r.  ti(a>iiivl, 
ruapuct  ivciy ,  lr  t;»«*  ihruat  control  ttilad.  pilch),  fo>e- 
ind-aft  cuntrut  to  the  port  yoke,  latni.il  .•■mirol  i»»  the 
etarbuard  atl'k,  and  yaw  control  to  the  rujj.i  p«.l«.  lo. 
Engine  fuel -Con  l  rol  -unit  i»por..llun  **"  ■■>  poeuiwai  li-  m.n  i  m 


r  nd  rlavu  actustoia.  All  ins  triune  ill*  required  l  <  ■  M»nll"r 
whip  tyntuH  wre  u1  um*d  f«.*a.  the  lUCtll  i  paml  him) 
inetallod  in  the  r. -•••e  eu  itiol  cunaoli  paucl  .  Ttu  •u.;li 
•erieu  laUIo  uniii".  '  •■■in  i:  •  •  uiivjlv  bi'CC.i  an  '  iti  iolxii 
of  th*  wircrai  l  ■*«  m-l  i  ■  at  l  .Ig  nynleri  -  not  a  pai.ill-*!  fi.y »!«•»'. 


Th*-  rlghi-hwiiu  piopulwiie  roli.-r  wa-  iii.tt  i  uu**n  I  *•! 

1«.  furnleli  ln»th  *-"1»».-  c.iiittul  a-»tlon*  and  r«jt»ir  atrinnew, 
thu  tranumiaWlon  »nJ  engine  1  ns  tu  l  lat  ions  »u  fu  ni*»h  ut-i  j- 
t  leu  and  t uMpera l  iii  •-  lui.ilw,  iln  control  aygtew  !»■  mcaivur.- 
control  input*.  J.-veixl  area*  <*f  tiu  at  eui.-tur*  *ci  c  iimu* 
gagwd  to  monitor  <>i  r>-uu*  * .  Tiu*  extont  «»f  the  ivrot, ■  ■■■nti*  * 
and  intti'iiacii'jl  '.'in  iywl«ii»w  luwlallu.l  lr*.  the  airframe  >  an 
appreClAlud  fio-i  t  h«  fait  that  t  l>veo  w>i»1cmw  weighed  U  ID  H*- 


He- w»w e rib i y  of  ihe  uirplane  and  lawtallaUun  of 
u-ni'l,-  .  out  ml  and  \nslruncotat  Ion  cquipaent  procotulvd 
i  .ijiidl}  .  and  by  m id  - N»v  es b.*r  the  thrust  atiuid  )  natallwt  loo 
w-e  load)  for  ..ptiailon;  l«i*»evor  ,  a  trauaaiowmn  failure 
al  the  y.  r-u  i  -*nd-*tr  Ivc  uudur  anco  bunch  etand  at  the  Kawao 
t -e 1 1 1 i y  i  am  i  1  led  thru*;  atand  operation  <IAC  Report 
<}  111-34)  (TH).  Uuing  the  n<  xt  Month*  a  number  of 

m.ijm  awst-P-.bl  l.-n  »i-i  c  renuvud  fro*  the  aircraft  for  uac  at 
lh<  enduraiicc  Id  nih  utaiid. 

R«  r* i.l •  S.iv •  ir.bi-*  lUbl  enduranew  Operation*  had 
huN|«  n  nil)  pi  »',.r ■••used  to  warrant  a  return  t»>  ARC  to  start 
■  •  r.n  i  y  of  t  li.  .ii>  ilwno.  During  January  1U61  the  E-16B 

-H-.  uni  :L.  «»»sr!d  fFivur.**  <A  and  T  5)  .  but 

.••i'l-i.  i  i'>u  =T  in.  i  .rv ■  l .*  l.m.'ou!  ard  lr.»tr usviite 1 1  •»« 
i  in*  i  >•  1  1 ..  1  >h  ljyeil  t»>  the  need  lu  erect  a  new  1**1 

.  I .  .  1 1  ;  n.  i  l  •  i  y  .  lie  inli  fmiMxhed  waa  not  the  one  u*.»  d 
i  i  .-  |.i  ■  \  ;  •■u*.  y,  a  i  .  :.d  j-i  ■  »x  •  -il  be  loo  avail  tor  efficient 

•  ji  i  mi . 

aji  1 1 ,  l  (••  .iii]1..  it.  and  thruat  wti«nd  were  being 

j  -  s .  .i  tor  U|»*i  u  1 1 .  -  i,  A.ii’  and  Karan  ptraonni;)  had  arrived 
-i  ntan.isid  •!  ■  .  .it  liii1.  |mu  i(tuni,  Thi*  ui  piwdlcated  on 
lli  .n\ is  iuii  of  in  wi'.iii'  il'  1  1 1 1  y  »*  C..nt*inoil  in  the  contract 
i,i  ...  1. 1  a-glling  ]>.a  (lit-*  tiNt  prograt*.  K«un'«  r»**p;>il»- 
ii.ii;;;  l.i>  w  j 1 1*  i .-  j»iki-1j-  «*f  tiu  Limtft,  uperatiunal 
.  Itii-k.-u*  of  Oiju  ip  i<  iii  .  and  ma  lot  rr  koo  of  t-.*  airplane 
dm  .  in  It..*  t- st  p.  i  a* ,  AKC'n  rrspeiintbl  1  t  »>  »*•  the 
cw1  -«!■  l  i » time 1 1 1  ,<f  tl-  ti*wi  forvat  (*lln  Kuan  aero'lynaalc 
c»u-iult  jt  lull  auppoi  t  If  i  equnwl  *d )  *M(1  lent  -fti  ltlon. 

pilot  i._  opiiatliig  a  thrnwi  aiar.it  -  or  wind 
iiiiiih  l  -  teat  i.-nl  i^tu  ai  i-'U  the  K-16R  aruld  undergo  a  prv- 
fligtil  I  iiwp-c  t  li’M  xml  an  1  natrumi  ntat  too  calibration  If 
will'll  were  nCCc>**aiy.  U-anwhllc.  the  teat  run  achedulw  warn 
eul  will  ivhud.  ho  f-iii.al  iwvt  achvdule  *et  fur  the 

i-,i  bo  piograw,  rath  r.  a  run  schedule  u»  determined  i  n 
th.  icwulta  ttf  th*  pi wdii  /  run*.  Hawevei  ,  a  lontativ* 
M.hudultf  outline  waw  prt-pai.d  and  will  be  found  lu  Table 
V ,  Aoprnd lx  C. 

In  all  rewpi*.  l«  the  airplane  *»•  operated  by 
v.'Mulv  cunt  rut.  The  unginna  would  bw  started  sad  rotor* 
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Figure  70 

Main  Gear  Load  Cells 


Figure  71 

Tail  Gear  Load  Cell 


mm 


Figure  73 

Control  Input 
Actuators 
in  Cockpit 


F igure  74 

Installing  on  Thrust  Stand 


Figure  75 

Thrust  Stand  Installation 
Complete 
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brought  up  In  the  i  i-«  4««in-l  f.»  Hi-  tun,  tii«-*i  |i,t  |.ii  IU> 
olai  •'•'M  igm  at  |oi.  would  !•••  Ml 

Hi  d»C  Pi  oje.  I  Ki.«  I  **a  t  hr  i_-n»i  J ,  n«  I  ■  .|  f-ir 

all  pa  i  ..nnt- 1  iuii  iiiaj  1 1  ■  in.  <  >-nt  i  ti  1  •■ml  l«»t 

trailai  .  (In, a  *l«u  1  i  •»•  a*  Hi,  aiiiil  tunnel  <•■■■1111 

tooa).  |(  •««  I. In  . . .  ill)  tn.it  ill  iii>n 

■  vi  *  tikail  I'wfurw  !■■■*  livRl  |-  - 1  s- 1  lit,  tent  1  iim  »*a  •  ulluil 

sn-1  a«t.  U|<»rai  iifai)  ,  1*  the  1  l *»  1  1  1  1  j  ■»!  m-- 

Luin  Pi-i|*<  1  hi.g  1  • «.« 1  •Itirtn*  ■  in-’ing,  •»uM  *111  inn 

hlM«ll  at  .ml  I'  at  t  I-  1  In  -ibarl  VC  111*  inn  jfl, 

fiulli  Pnija-  I  ki..in«n«  *•>-■  tl.i  at at  ti.»  .1  .  -n- 

e-ile  were  ilaiya  In  viiuaun  t«  ■  t  !•••■  *  1 1 1  •  .<•  )■  -.tin  1  l>>  tnl*  ■  - 
c«ik , 

Initial  1 1st  11 « t  *  l  and  1  ui>  .  1 1'-  flint  ..f  1 .  I.  •  *-• 

Bait.  •  in  It  f»bi  u-m  >  |t">.'.  •  •  .-  C» . 1  ml  wll'-»  «ytt<  •  •  *»«.*• 

uu t n  and  (Dim  ilyutali  bllanu*.  A  •  III -  r.o  1  •>*  1 1. 1  1uk  f**» 
the  thrust  •land  and  ■  1  ml  limit 'j  -*i  •■»  at  i--:i  •  -ill  he  l.iuint 
In  Tab l*  VI,  «|-|init.iii  t. 

Mrl)  1  uii  awnllewt-.l  a  v»..J--.l  1  •  -w  i*...tf»i  t  1  >1 

yl«  Of  t  11*  aland.  Add*  I  tonal  .11  lilt  I  «  d'l*  J  I'- 

vitirti  ion  to  «  ■till  wjletf  anl  l-t  1  Iml  p.«-h.»|.ly  a-t"|-l«h: 
lavol.  This  1  »*»■*!  a  -  and  Im  tliii  ai'lu  .-II  «.  titilj  -?n 
the  aircraft  *  van  delay-  J  by  l«i.  wt,.*igl.i  du\*  **l  In  a»y 
rain*  and  li'gh  •unit.  In  In  t,  tin  |-  .  v  *!•-«.«■  ,t  ta*:i  aid 

■  luda  ul  It'  knuih  q-  hi^livi  fraqu.u*  1)  •  ju«--»I  •.iitinn  ir»t 

opar.it  inns. 

B)  12  March  maul  tl.runt  and  •>•  I  i*  1  -m  tun> 
had  been  mail?.  of  the  •»»*•  rat  iiiii  ai  ■■  sh-«a*i  1 .1 

Figure*  7f>  and  111.  On  thu  date  tliv  umi.tl  |.  <tl*i<i.i 
inepc-'Mon  disc losud  tiiat  ■  •ni«  1 1  uim  ton  fitting  had 
failed  in  fatigue.  (deported  In  *««*hlY  '.1..,.:.  |.i..hrtM 
r-jport  to  kaaD-322)  Tin*  f#ilur»  (Figure  *hj  -a-  b.  Ii-vcd 
s*.tr  Unit  able  to  the  subs l  ant  l  a  i  ,  11-roinini.  I.*,  tr.  jurmy 
vibration  of  the  a  tip  lain-  on  Ui*;  thrust  M'udmr, 

on  *«»p  of  pi  tor  fatigue  dm»*ne  doting  the  thrust  '•land 
rr  sonanc  .  Th.n  fit  Lius,  of  «M«-h  th>.Ti*  mi-  *1. 

designed  In  aluminum.  Okiiun"  a  similar  \  lui  at  j.»n  ri  i>bl>n 
•  ••old  **11  .slut  in  Uu  tunnel  balance  ay  . ten.  !■■  ■  1  n 

fittings  st*r«  duplicated  in  steol.  Pi.«cur;ng  m-  '•  1 : 1  tugs 
and  Install,  ng  then  t-*uk  tin*  better  part  of  d  »-e^ . 

fcarly  In  May,  s-*ve*-»l  Osyw  after  u-kIji  '.ik  Uu 
thrust  stand  program,  a  snra*  clutch  in  one  t  i-.m-rlM- u.i. 
fatlud.  In  vie#  of  me  ■•tj^rh-iua  ariih  spi  jg  cl«i'*!«  fail¬ 
ures  11  tbe  p-'wer-aiui-ili  ive  *n«lui«ui'c  iinsJ.  tie-  M:l -*k 
Clutch  10  «*aci»  transmission  *«8  1  epl.n.ed  •ill;  .1  lu^k  -ul 
f-»r  thrust  stand  aim  *ln«l  tun.n-1  ->|>Ci -it  1  only.  1M  •  also 
icqulred  a  change  .»r  drive  shall*  to  ihihu-  tin*  .sy-t-.m 
b-cause  of  the  clinsige  in  »yater.  fr.-quee.  y  *lx. . -  |».  ih*.  1 . k- 
-iut  . 


Late  in  fullovliiK  *vhu l >•!•••  i.  *f  1  t«v  final 

tw»t  run  on  the  thrust  stand,  ll  -aw  found  tin*  *v.»-  igniter 
bracket  on  th©  lrft-lmnd  engine  fia-J  failed.  I*p.»n  p.illmg 
the  engloe  it  »ss  discovered  um  a  ir->r*  •  .« 1  ni  i.  nj.-n  - 
fitting  B(iuoUnn  hole  in  ■  atiucluin)  «ii|)|>  >.  filtli.g  iu  1 
elongated,  and  that  then*  acre  scveiat  •  *•  a-ljj.-.M 

■  hen'  metal  structure  (Fl»aie  /$) .  flu  •  1 '  -  i-.l  •  ng- 

ille  was  puljud.  S'.,  lllsll.es  •!'  in- 1  •->!  1 1;  tin  litt'.iig  hut 
criria  in  the  sliei’t  rietal  were  (  -un  I,  m  *•>  I41  *  . .!•*■».  In 

the  left-hand  •iac--«le.  (:topurtr«l  in  »■  .-.\»\  »oK'«».i  pr  tig¬ 
ress  report  t«> 

the  sirplan-.  Imi  m,;  initial  •»,•  1  «l  i-  hi  a 
urb.-lancc  1  r.  ti-«-  i.jI-k.  amir.  Ui  l  ’•»  the  l»»o- 

sof  t  tlirum  aland  !•■••  e.iti'1-!  :m  <ip|>:->4>  :■  1  •  1  ir* ■  .U»i  1 1 1  y , 

•  euultid  lu  mil  ||  itj'U.  I-  t.i  Ml.  I  •  lull  I  III,:  hoi*  •  .KlMiiy 
imciy  in  ihc  design  1  I-.,  -illli  *l*.e  iririv  1  •  •*i»t  ■  a:  unci-, 
euhmjquunt  *unn:ng  peri  1 1 1  cil  'i'iiii  k  1  .tg  *  ol  'hv  ■  .011*1 1  1  tig 
syrsieo  and  furtl-cr  Jarag-  t..  if.-.*  I  • :  ling.  T'.i  era*  K.-  l««  *.««.• 
sheet  aadi  cimpiii'T-ti  uti-  cain-  d  *•>  ar.  »•* •  i-  «.ir  -*-a  .  latciSl 
load  rOBulitng  lr-i  .  a  tao-por-r-v  fon  mg  (11n.t1.e1  ..f  tin 
endin'  drive  alu‘  1  Mo-ikc^  J-'intr..  A  1  e*  f-e.-  •••  joint  hud 
be-.-ouo  avatlnalc,  ■  .*.s  :un  tailed,  and  Mini  I  i- ant  1%  n(lu>  >'d 
the  fore  1 uk  function.  Tho  area  m  question  l*  •  * •  • »  suscep¬ 
tible  '•  lAiyi-r!].iil  -if  .Cl  eng  HU  lnstal  lal  »o||. 

Ir..-idm  tin-  d-iwn- 1  iff-c  fur  tht-»  •  c|--«  1 :  *ii.  planned 
najn  tenant'-  t-w  pr  -..j-  1  tin*  -Urplan-  f«ii  the  .  ,  n  I  tttnne* 
was  ccnplutiid.  Because  thi»  Indu-K'd  i\-pUi  >n.  ul  *-f  the 
blade  flaps,  ij-:>  C-16H  mX\.  let  t  -m  t ihiu-t  «t.-n.l  tic 
new  111  ade/f  1  ap  u*s»  isi*  1  i  os  cisil.l  lie  dyia-ileal  ly  b.ilunrrJ 
This  p-»r  lod  -»f  tnii'-uaiii:,-  .u;*l  lep.ili  f-»;  tonal-  ly  •  au*>eil 
no  delay  to  the  tunnel  op-  rat  ion  fur  •>■  »».-••-  «.n  s'amll'y 
a< atu* . 


On  ?  and  Id  Annual,  roi-n  balai,ci-  Mitis  <  u  side. 
'Jil  20  Argun  l  the  whip  -as  r  cr‘.JV«-.1  fine  l  hr  Uirgnl  n.  and 
and  toi-sd  t<>  the  l  -*V  f«i..l  tmiucl.  On  th«  ).■■(  ri  iy  of  in, 
siontb  tbe  alrplai.e  lif'cd  lul«.  the  tunnel  ;in>i  we-.'ur-  d 

10  the  tbr«.-r  eyloon  tliui  41  «■  r.iwnti-1  nn  the  float  in* 

balance  (1  .  Klj;ur-'f»  Bo  ami  n  l  utii-%  thi  ln-lstiui.  of  ii,»- 


•tup  Into  the  tunnel  and  the  coxplvted  Installation, 
a  lucl  rii-  power  lines,  fuel  lines,  rewulr  cuniro]  leads,  and 
Inst  ruweitl  wt  l.m  cables  were  rut)  through  the  pylon  fair  Inge 
n*  the  tent  control  rr>->r  adjacent  to  the  tunnel  teat  Sec  l  - 
Ion.  and  lunncl  operation  started  uu  6  Sepienbur.  Figure 
nif  ei.ows  one  point  la  ins  operation. 

Operating  pr oieiUi r t  in  the  l undo]  fuMu»od  a 
«'"i*  lews  standard  psltern.  FoJlowiug  sal  nicniote,  Ctid 
•  li-ai  tug  of  the  airplane  by  Inspection,  approximately  30 
nlmilui  *1 1  --  req1  ‘red  to  ready  the  tunnel  foe  opnral  'an. 

Tli  -  a  pi.paiaMun  >  oiielstcd  of  uy  r-chfon  1 1 1  ng  'he  ilectitc 
m.-toi  -wt-neratoi  »"l  for  Ilia  tunnul  farw,  rinsing  the  i-m- 
li  i-l  ‘l«-oi  s ,  aud  1  *:o«  dl  dating  zero  readings  in  the  lalance 
■  ■  sic*  and  tin  IMp'k.  m lion  ilus  was  done-  I l.e  iiotra)  pi«- 
f light  ihickou t  could  be  r*do. 

}*o11>i»i.*k  i|ii»-  pi  i-parst  :<-n ,  b«.-t  !•  'hkIiuh  would  In 
ol.-itid  h  lid  i.ileU  with  fire-guard  on  hand .  ahm  tin-  fije- 
gnard  was  veR.iv««1  and  the  lmir.i-1  sect- ms  d<,ur  i  l:wd,  (he 
i-  toil-  w-nil-1  be  1  1 -i.igl-t  i|  t  ■  Uhl  1  pw .  At  this  tine  the 
tui  m- 1  »|*crH(i,r  n-.il.  ally  *  -ulil  in*  liislruittd  t*>  irleixJ  tin 
tail  -ti.it  l-i  li«».  tin  ai>  plane  to  an  n:ig]«  of  attack  <>r 
-l-  di'gi  t  •  s  .  .iiia!  to  I  JIM-  tunnel  'q  l-  t  1  • « 1  i-«-quiie*1  fol¬ 
ia.  |>Sitj'ului  iul.  o.r.ult  ano.'UVly  ,  1 1  ■ aticijfi  «i|ier- 
j  ■  ir  w.-uld  .»>iul>li‘-li  tli»-  flint  h  vt  |:o  1  u  t  conf  lgurat  lor.  - 
A-  tl  iiiii  bladi  -ul  I1-1  t  1  v«-  flap,  «lng  l  lap.  nml  power  i.ltli 
t>lude  ci.l  l*-»  *.  1  v »  pitch.  If  winr  till  was  inquired,  it 
•-■'il-l  '*•  put  in  aftii  tin-  snip  »as  at  -1-  iltgri-i'i  to  avoid 
stall  Ity  n!*i  c»  j  a  an  nec !:  ab  possible. 

Air|M«s  i.i  the  firm  data  lolnt  *a*  often  ••  tjre- 
t  ...i  .ui-li'i;  as  ihrun  and  ji,**vr  li-'d  an  influence  on 

tunn-  1  'u  «•»•!  v.l--  u'lhJ .  Tliia  - u'j  lui  Hut  curpllrsted 
l>>-  l  he  lii  1  that  tliv  i-n,- J  n<  a  lad  t-  l».  in  1  h-j  ■  halaai:«  - 
.1  1  “at  11.  •»  carkly  a*  r«.r  j»  I  1  **ln-d  -*|i|,  the  pu.-ur.a  t  ic  ihr-,ttle 
futoslij,  sj  i 1  v*i  mid  the  Vl'bB-C  o'lvitic  .t«'i  KJp  chs.  ac  td*  ISt  1C* . 

As  ?•  * ** •!•  as  n  d.itft  pi-lnt  was  ivach--il,  data  ri-Curd- 
iii*,  •••tild  stall.  AHC  «unld  ivvoi  J  jtb  1  HP  data  ou  tin 
v*nipu  t  cl  ,  photos  ol  the  wing  HiH|  mulJ  b--  i*k«-n,  and  we 
s o-j  1  d  record  oui  data.  Folio- my  this,  the  tunnel  operator 
-•.aid  be  instruct*. I  tu  take  Mu  data  on  the  wcslu  tapes. 

Learning  t  -  fnurdir.JU-  this  dain-takia^  took  « 
while,  but  t hi  average  tine  per  punt  way  gradually  reduced 
to  about  or.:  r,,  iane-Aiid-oiie-hal  f  minutes.  Of  t  on  between 
d  it  a  points  Aitr  would  compute  lota!  drag  **»d  lift  to  tote 
whuio  drag  crossed  fin?,  negative  t..  positive,  and  iu  tHsuri 
that  -log  and  flap  loadings  dirt  not  exceed  »t  ii-vi  llmllo. 

In  the  latter  pail  ul  (he  program  dpemnif  hed  s»o  devei- 
opeil  »i  -aw  possible  to  mage  two  runs  back- Ui-hack ,  ellci- 
liiatln*:  the  extr-i  tire  r*qu.tied  to  start  up  an<l  ruSut 
eundi  lions  for  tlic  tunnel  and  tht-  ship. 

Following  the  inil  of  .1  «l»la  run  the  >»hip 
bruui-ht  to  th*  wing  rtown-flaps  up  cnndtlinn.  Idled,  then 
shut  Uown .  The  tunnel  would  then  requiiv-  airing  l«»r  froe 
••m-hulf  hour  to  -ui  r.ngf ,  dcj-iiid  1  n,;  up-:i;  ho*  li-nr  th*  ^i»h' 
ir.  h  |-,ad  been  rue,  b--furc  personne  l  eould  i-r.lvr  the  tunnel 
to  service  t|i«-  ship. 


fi.ee  Tui.n.* I  i-pirntjoT.s  grait.u,  1  •:  a  period  «-f 
1  ■  »-.h  1 1 >  ■  r  i*o  on  ks  -  ?<  S«  j>:  «•*  he:  to  ~  1  u  pii  nl  '  i  - 

s«i.-.i*  x:t  ii.  s  -if  i*.».-r-on  epviuilou  -m  ]ok,;cJ.  Luring 

till*  time  aaj-Ar  :tc«s  --f  a-.i  1  n  1  --urcu  were  one  nllgliM 

ciia:»i,«-  lift  -cs*-  t’l  f«*rel,.ii  obje'-t  J iV. J,  •>,  and  two  instance's 
-if  i‘.i»- 1  tmbir-e  •  :ii-.  These  caust-i  A  J 1 1 1 «  Jwlny  !•■  the 
*;s  j,.rjr-.  tAn  >--.*r.  •■»•-.*»  th*-  i«»to:  *  -os-e  1 . 1  oved  and  uv 

.(-I  |-> .-■  iht-i  ,u«-  r*,'l  I  run"  !ui|  Iji-i-r  <  or.pl-  ted  and  lh,  air- 

pi  arc  i*  -.overt  t!n-  tun-i-'l  . 

DwTikHMlkATIOH  Qg  khr,l.N«  POWER 

Fngln#  shaft  horsaposar  is  dotorainwd  by  th« 

following  Dlapw: 

1.  Head  M  rp*  for  uacb  engine  fro*  ihe  cikciIIo- 
graph  traces. 

2.  Correct  to  awblent  conditions  by  dividing 
by  2  »h®ro 

Q .  -  Cospreseor  Inlet  Tewycrature  I 

51© 

or  CowpVAeor  la  let  TwperM  are  f°F )  *4  60 

*1© 


3.  Soiur  ths  appropriate  engine  calibration  curve 
for  ‘.he  particular  sagln#  ir  ul*  with  proceed  VO  thi 

curve  labeled  HP/e^  and  horizontally  to  tbe  HP/W^,/o^ 


14  O 


Figure  82 
Tunnel  Operation 


144 


I 


4.  rind  the  horsepower  by  Multiplying  HP'f.J  O. 
by  where 

J'j  *  Co«£n>Mu»  InUl  Prtmrt 
39.92 

ft.  Read  the  rotor  rp»  fro*  th«  o»c  1 1  lugr *ph  Utc« 
and  multiply  by  iba  g aar  ratio  to  obtain  rpa  of  the  engin 

0.  Cl"  reel  y  to  aablanl  (utanUard)  condition  by 
2 

dividing  «2  by 

7.  |f  h  la  above  o«  below  calibration  operating 
of  19,900,  look  up* the  po>*>  lose  or  gain  floe  "Output  Poen 
vi  Output  Speed"  graph*  furnlehed  by  the  engine  amuifii  turcr 

Bn  ter  th«  at  *n*»  upeialing  rpa  and  piOceud  will- 

rally  to  the  cloeeet  operating  N  ^  rpa  «u>  v«,  th«*n  |>rcn  aed 
horltontally  to  the  corrected  "Output"  »caio.  h:’  J*#  . 

bo  tha  «itv  r«u  ih<  ralibrai  !-•  i  t  ,i  -f  It*.  Jilt. 


rni«  between  tha  tau  readl-ig*  1*  ailhar  a  lo»a  ui  gniii  lit 
horsepower,  If  the  engine  la  operating  in; low  n 

rpa  it  la  a  luae .  If  op*'  ttlng  above  it  l*  u  gain. 

8.  Subtv  act  add  t hi  a  value  to  Ihw  horse 
power  previously  c  aputad.  TMa  1»  Ilia  hoi  wO|...w*i  av.il- 
abla  froa  the  angina  poaar  turbine  bnf ui a  onlry  Into  tha 
naln  reduction  gear  (HRC)  box. 

9.  to  obtain  tha  ehafl  hor i*p>»ui  .  eubtract  the 
poaar  loea  through  the  MRG  boa.  The  valuoa  of  power  Iona 
ara  furnlahad  by  tb«  angina  aanul actorei  (or  tha  average 
gearbox  hareepowar  losses  vi>r»ua  h  *.orrec*.od  rpa. 

2 

10.  Ouhtracl  tbl •  buraepo*«*r  los*  f rua  tin*  engine 
horaapoaar  available  fro*  the  power  turbine  (step  to)  to 
arrive  at  the  final  or  abaft  horaapower. 


Comparison  of  the  calculated  hot kepu**r  uatng 
tbla  Method  coaparea  favorably  >-U.n  the  boreepuwar  Oeter- 
alned  ';a»og  to  qu*  a  train  gagc»  Mounted  on  Hie  «RC  output 
shaft . 


Recorded  Of.  O»clllo|r»  h 

». 

Engine  oll-ln  temper- 

Thermocouple  * t  tang 

tlur? 

Salt  -  bOI h  In.loll 

1. 

BUils  tU4HM 

Strain  gagvs  at  St*  40  at 

bantling  mmiu 

point  of  maximum  thick- 

0. 

Engine  i eduction  guar 

Thor aocoup le  *t  lank 

uac*  -  RH  bl*J* 

oll-in  temperature 

eall  -  both  *ng 1 nea 

J. 

lllada  ailgewi •• 

Stiain  gagos  on  ar*  to 

10. 

Throttle  petition  - 

Potent loiaeter 

banding  BOMDl 

Ballaville  vprlnga 

parcant 

urea  percent  of  full 

-  RH  blade 

travel  -  both  engine* 

3. 

Itlld*  Hap  control 

Strain  gage*  on  chord- 

11. 

Inlet  duct  tempera- 

Two  tbermo-electr le 

tod 

eiae  ru<1  -  RH  blade 

tur  >a 

probe* 

4. 

mad*  flap  banding 

Strain  gages  on  mpar  at 
flap  m<4-B|>*n  -  RH  blade 

12. 

Anglo  hog  oll-ln 

Coaaon  with  Main  trana- 

taUMUl 

pressure 

a. 

Hotoprop  MUulh 

Magnet l .  pickup  on 

13. 

Aug  1  c  boa  oll-ln 

Common  with  main  Iran*-  * 

pool  lion 

rotor  ahull 

temperature 

Mlaalon 

e. 

Blade  f lap  traval 

potent  l  owe  ter  on  hub  "s” 

14. 

Main  tl anwnl eainn 

Plrkup  on  co*»on  line 

crank  -  RH  L)  \  adu 

oll-ln  praaaura 

with  angle  gearbox 

7. 

Bind*  flapping 

Polaiit  InauVlr  on  flapping 

13. 

Main  tranual  uhIOii 

Pickup  on  common  1 1 ni 

pin  -  Rrf  blade 

oll-ln  temperature 

with  ungle  gearboa 

«. 

Motor  shaft  vibratory 

Strain  gage  torque  bridge 

lb. 

Engine  vibration 

NASA  in* ta  1  latlon  *■ 

tor qua 

on  R It  mal-t  shaft 

requirement  -  both 
engine* 

•  . 

Slain  Vra»«ai aaion 

Vibration  pickup*  -  Tore 

(a)  fore  and  aft  on 

vlbi * tor la® 

and  • ( i  -at  tup  of 

MRU  box 

uoin-bh»ft  tak»i-otf 

(b)  fore  *nd  aft  on 

(touting  -  both  trknu- 

engine  nor* 

rUilons 

(c>  Lateral  *t  gae 

generator  aft  ring 

10. 

Stresses  and  strain* 

17  . 

Rotor  blade  collect- 

Patentlommter  measuring 

a.  It.  r**r  angina 

Strain  guge 

Iva  pitch  Input 

stroke  of  actuator  - 

rvount  link 

RH  blade  | 

b.  king  tilt  acre*. 

9traln  gag**  on  each 

IB. 

Blade  t lap  col  lect- 

Potentiometer  at 

jack  cleviw 

c lev  la 

Jva  input  eenv It  icily 

actuator 

c.  ling  flap  follow- 

Strain  gage 

10. 

RotOprop  roll  input 

Potent lometer  at 

•r  rod 

aanaltlvity 

actuator 

Strain  *a*«  on  each  (B) 

20. 

A»toprop  yaw  Input 

Potuntloaetar  at 

aount 

diagonal* 

sensitivity 

actuator 

a.  wing  trunnion 

Strut.,  gage 

21. 

Kotoprop  pitch  input 

Potentiometer  at 

fittings 

aanaltlvity 

actuator 

f.  wing  frunt  apar- 

Strain  gag*.-** 

22. 

Rudder  pedal  input 

potentiometer  at  rudder 

cap  apllcaa 

(H)  as  60. h 
(!.»  MS  131.4 

pedal 

23 

Rudder  travel 

Potentiometer  >1  rudder 

g.  wing  ra»r  mpae- 

Strain  gagos 

hinge 

cap  splKaa 

<*>  W-S  0 

It)  WS  23.3 

24 

fore-and-aft  etiefc 

Potentiometer  at  stick 

(•  )  as  Bb.2 

Input 

h.  G**  generator  - 

Tm  hoasifi  an.i  electric 

23 

Elevator  travel 

potent  io*ic ter  mt  elevator 

Nt  rp*  -  percent 

counter  -  both  englnca 

hinge 

t .  power  lurbina  - 

Tachometer  unu  uleiinc 

L»i«ral  diet  input 

potentiometer  *t  stick 

N„  rpn  -  percent 

counter  -  both  engine* 

27 

Spoiler  traval 

Potent lOMu ter  on  spoiler 
linkage 

Vivu'lly  recorded 

2b 

Wing  tilt  -  per cent 

Servo  at  pivot  point  In 

1 . 

powar  turbine  tempo  a- 

Thermocouple  -  both 

pylon 

tura  -  T 

angina*  -  (G.L.  In- 

Servo  in  cockpit  -  null 

*tu 1 l*t Ion 

36 

Ring  flap  travel 

balance  wl  th  servo 

2. 

rpn  -  parcant  1 

Tui  hO*ct*<r  and  elertrlc 
uuunter  -  both  engine* 

30 

Nacelle  temperature 

•etuu tor  On  flap 

Thermocouple  above  engine 

3. 

powar  turbine  -  M 

T*<c  homo « er  and  electric 

shaft 

rp*  -  percent  ^ 

counter  -  both  engine* 

31 

Thruet  etand  force 

NASA  Installation  - 

4  . 

fuel  boof-t  prewbura 

Low  pi  ennui e  warning 

indicating  load 

Indicating  Microvult 

-  P**1 

light  -  both  engine* 

cell* 

Potnrt lomwterm 

a 

Engine  1 ua 1  pressure 

G.  K .  Installation  - 

-  pal 

pickup  on  fuel  control 

unt  t 

« 

Engine  oll-ln 

G.  E-  Installation 

In  addition,  at  the 

wind  ■tunnel  Indicating  klcro- 

praaaurw  -  pal 

Ivolt  Pa  taut  loader  a  read  the  tunnel  balance  acala*  *nd  rad 
the  information  Into  a  mil  computer. 

7. 

Sngln*  raductlon  gear 
Oil- in  pressure  -  pal 

G.  E .  Hiatal latlon 

rui*  n 


Polar:  F  -  >01;  P  -  921;  T  -  1  i mof f  1  c  1  *ot  throttl*  -  rorlf 


*1  (coot *d  > 


(p,  :oo3)  u  »iq«4. 


APPENDIX  D 

METHOD  FOR  DETERMINING - 

_ _ ROTOR.  PERFORMANCE 


The  requirement ■*  ot  propel  ler  |«oi->iry  for  high 
propulsive  efficiency  m  both  alette  and  high-speed  con¬ 
ditions  are  somewhat  contradictory.  VTOJ.  aircraft  prop- 
ellar  daslgn  baoitu  a  coaproaluo  between  conflicting  r«- 
qulr«Mnl«  Of  hovering  and  crulwing  flight.  To  minimise 
the  cruising  efficiency  penalty,  which  a  high  activity- 
factor  Static  ihiuwtlng  propeller  entail*,  it  la  advanta¬ 
geous  to  operate  the  hovering  propeller  at  as  high  a  blade 
loading  m  possible.  for  example,  to  satisfy  hovering 
requirements  a  highly  ceabwrad  airfoil  lw  necaawery  to 
attain  a  high  blade  loading.  The  rapid  d:  op  in  required 
thrust  froe  hovering  to  forward  flight,  however,  forces 
the  propeller  to  operate  at  very  low  Ituual  cuel  1 1  lent  w 
in  cruise.  To  operate  efficiently  at  low  thruat  coeff¬ 
icients.  a  low  solidity  la  required  to  keep  the  ula«i*>  user 
the  aaxlaua  lift-drag  ratio  on  the  blade  »e«flon.  T nr 
advantages  are  apparent  for  varying  the  to  pn>vidc 

a  high  caaber  when  hovering  and  a  lower  camber  In  oruibt. 

The  propulsive  rotor  achieves  variable  cashes  by 
incorporating  plain  flaps  or.  tbt  outboard  portion  of  the 
blades.  Mean  lift  coef f lc lentw  of  1.0  have  bean  attained 
in  rotor  taels  ebon  the  blade  was  cambered  for  a  design 
lift  coefficient  of  O.J  (KAC  Report  G-U1-4MS).  There  la, 
of  course,  a  drag  penalty  due  to  flap  deflection  which 
also  enters  into  the  determination  of  the  cnaproaiso  rotor. 

To  minimise  aircraft  weight  a  minimum  propeller 
diameter,  and  consequently  a  relatively  high  dl»c  loading, 
lm  chosen.  It  then  beromoa  nocewsary  to  determine  the 
best  compromise  between  cruising  efficiency  and  hovering 
figure  of  merit  at  the  required  thruat. 

Because  a  VTOL  propuller  mu»t  often  operate  in 
the  high  angle  of  attack  condition  (the  so-called  "Aq” 
condition} ,  a  rigid  propeller  is  subjected  to  severe  1-psr 
•rev  root  bending  stresses  which  «:11  increase  blade  eulght. 
The  propulsive  rotor  minimise*  this  problem  by  at  losing 
blade  flapping  freedom  in  the  manner  of  a  helicopter  rotor. 

The  method  of  analysis  for  hover,  transition,  and 
forward  flight  la  glv*n  lo  the  following  paragraphs. 


From  fluid  flow  theory  the  lift  on  an  element  can 
be  expressed  by  two  equations; 


i  L  s  U*  c  dr 


sU  V  TUf  dr 


Equating  these  two  expressions  results  1 u  an 
expression  for  circulation  (P  )  as  a  function  of  tbs  non- 
dimensional  lift  coefficient: 


f  .  -j  C,-0 


and  wubr titutinp  (4)  into  equation  (1)  gives: 


dtr  r  wm  $K 


pram  the  velocity  diagram 


♦<  •  ~ 


Substituting  equation  <8)  into  equation  (8). 
letting  x  -  r/g  and  replacing  the  expression  for  rotor 
solidity  by  the  notation  <<r),  result*  in 


O'*  •  fl  a  *!«<>•  t#n4>i 


where  g  is  the  Goldstein  correction  for  blade  tip  energy 


In  the  a tr lp-ana 1 yn l w  method  of  analysis  the 
propeller  blade  lw  conwidwred  to  be  for  ad  of  -were  l  sec¬ 
tions,  each  functioning  In  a  Ivu-dlBOuMnnal  floe  field. 
The  resultant  elemental  lift  and  drag  force--  acting  or,  the 
profile  are  resolved  into  thrust  and  torque  component* 
which  can  be  integrated  to  determine  total  thrust  and 
torque  of  the  blade. 

From  vortex  theory  consider at lonw .  the  velocity 
at  any  section  la  the  resultant  of  the  rotational  velocity 
of  a  blade  element  and  an  interference  velocity  duo  to  the 
Trailing  vortex  system.  The  forces  and  velocities  ailing 
»*  »  typical  blade  element  are  shewn  in  the  following 
velocity  dlagre*. 


With  a  collective  flap  deflection,  is  given  am 
a  wC^.  rf0  In  tha  flap  region. 

Using  equation  (2),  the  lift  per  unit  mpwn  is 

<iL  ^  r  ,,*r 

iT  ’  7  Cl°  c. 


Referring  to  the  hover  velocity  diagram,  tha 
di  f  la  1  thrust  and  torque  on  any  una  blade  section 

cay  be  written 


\JL 


Hover  Velocity  Diagram 


From  the  vortex  theory  the  equation  for  induced 
flow  at  an  element  l>: 


4  IT  r 


<1T  «il-  a  A 

- —  •  ' —  Co*®  “  ~ 

Jlr  dr  *  Jlr 

is  .r[4kw„*i4  4Se«e,1 

a,-  [J--  1 


By  inxortlng  dr  -  R  dx  and  introducing  the  nen- 
dlmen&io'ial  coefficients  and  C^.  tne  relations  for 

total  elamontal  thrust  and  torque  may  be  written 

--  .  —  e  u1-r(i,co.<1;  -  c4 4. )  uo) 

•it.  z 

—  «  B  —  q,  »Cj  -•»$,)  (U) 

<Lk  Z  ' 

where,  in  the  flappmd  region,  fur  C ^  in  the  above  equation 
la  uubstltuted  C^gvC^X  •  and  for  la  substituted 
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Cdb  .  A,  .  Mtf  .  Cf/* 

Again  considering  the  velocity  diagram,  the  re- 
■ullut  velocity  at  tbs  ncttoo  c*n  be  expressed  »• 


J  •  AH.  v«*  <t>t  ua) 

Substituting  tbe  preceding  equation  into  (10)  and 
(II),  and  Introducing  tbe  dleena ion lees  parameters  C^/cr 

(suite  In 

L~  *  vos^  -  Jco%4  ^(13) 


ft  f 

L  — *  •  “  |C,  %.o  <fc  t  C  vo*  <$\ 

<r  *  L  1 


sad  Sine*  C  uefined  le  equal  to  C 


CO**  4*;  »1* 


4  [ct  %»f\  ^  +  0^  vC  *  <JV  ^  cog  4*'l  * 


Tne  total  force*  prodot wd  by  lh**  rotor  are  than 
deterained  by  a  euautlon  of  the  elemental  throat  and 
torque  along  tbo  blade  spaa. 


r** 

^  1  I  XX  ^CjCCA^j  *  Cj  »•»♦,.] 

j-jf  *  “  *'  Jc,  »m  Si  *  c,  V»»  4.  ]  co»* 


i»  (16) 


(11) 


In  the  original  derivation  of  the  vortex  theory 
equations .  the  rotor  «aa  aerueed  ae  a  dive,  that  ie,  com¬ 
posed  of  an  infinite  number  of  blades.  When  calculating 
tbe  performance  of  a  rotor,  a  tip  lose  factor  aust  be 
included  to  account  for  tbo  reduction  in  thrunt  «t  the 
blade  tip  region  incurred  by  air  spillago  about  the  blade 
tips,  la  tbe  present  analysis  an  alloeance  fer  the  bled# 
tip  energy  lose  is  included  by  including  the  Goldstein 
correction  in  the  determination  of  the  induced  angle  at 
tits  blade  section. 

Because  tbs  Made  <V>e*  not  extend  to  the  centur 
Cf  •*  ion  the  »■— »Mftn  {!•{(>.  a  t  the  blade  labotrd  -*nd 
must  be  altered  to  include  tne  presence  of  the  hub  and 
retention.  For  the  analysis,  the  integration  fer  the 
thrust  and  poeer  coefficients  iw  oxtended  to  tb*  20  per¬ 
cent  radius  station.  Applying  the  corrected  Unite  of 
integrate  n  to  equations  (IS)  and  (17) 

^  J  f  X*  £«»<)(  -  C.J  •">$,]  c®»*  J- 
•2 

*1  f** 


I 

♦7 


Sin  ^  +  Cj  COS  J  cos4  ^  «L» 

1 

X%  [c,  Sin  4>i  ♦  C4  CO*  <J»t  j  coa*  ^  Jx. 


(10) 


Tin-  resell*  nt  •  ill  ulil  mu'  for  ihe  K  - 1 6R  rotor  art 
given  In  Figure  d) . 


P»gur«  «J 

Static  Thrust  performance  Analysis 


FOOWAFD  K LIGHT 

The  forward  flight  performance  equations  ears  de¬ 
rived  using  the  vortex  theory  In  a  nannir  eiallar  to  the 
hover  analysis.  The  forces  and  velocities  acting  at  a 
typical  blade  element  are  shown  In  the  following  figure. 


Forward  Plight  Velocity  Diagram 


The  induced  velocity  at  an  eleaent  nay  oe  written 

&CtcU 

‘  CV  -  <20) 

Considering  tbs  vslocity  diagram  with  tbs 
aauumptlon  <J>L  le  e  esall  angle  end  thus  cos  a  1.0, 

the  raeultwnt  sectional  voloclty  le 

U  •  Uco»$i  —  U  (21) 
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portion  lk  nun>diMnilunillird  with  respect  to  tip  speed 
and  in  designated  *X  .  The  perpendicular  component  *n  also 
non-dimenaiona llxed  *l»h  respect  to  tip  epeed  and  ia  dee- 
Unitrd  .  Tha  transition  power  u  *  function  of  these 
two  p>i  iMlun  an  wall  an  t  ha  components  o!  thu  blade 
flapping  motion  and  the  flap  deflection. 

Rotor  performance  in  transition  la  solved  by  an 
liuratlvt  uumorltal  piyit-dur*  of  the  blade  flapping  aqua¬ 
tion  of  notion  t  oi  a  »ui  i«n  of  point*  In  lh<*  azlwulb 
rp  la.  It  is  essentially  that  described  in  TN  31(6  (PS) 
but  with  H<v«ri|  taprnvnoi'n 1 1> .  Because  tha  actual  aquation 
of  aut  luu  i r  ivlu'd.  th»  » «■  la  no  restriction  on  advance 
rat'd,  ini  low  ratio,  or  lurward  apaod .  aid  thara  ara  no 
Hwa  1  1  « a  au>i  l  ion  --  It  incorporates  tha  ease  RAC  A 

two  lUnoinr l->nal  alt  foil  data  as  tha  hovei  proK rax. ,  ehicb 
iKluili-b  liu  t  h  ntall  And  K.iih  number  effect,  as  wall  M  tha 
hdav  flap  lift  and  dr*g  i  tui me l~r imtlce .  Tha  equation  also 
provide*  foi  t  lu  Insertion  of  an  arbitrary  pitching  veloc¬ 
ity.  it  !•,  alb..,  u f u  1  tui  analysing  blade  flapping  In 
high -»pi-vd  torwaid  i  1 1 go t . 

Tha  motion  ot  a  rotor  blade  Jn  lound  by  solving 
Ho*  Olf  ft-i  ent  is  1  aquation  of  aotlon  about  ’he  flapping 
hinge.  The  blade  la  represented  Uy  a  rigid  line  u  sbo*i- 
1 n  tha  f igure . 


Referring  again  to  ihc  ikcUh,  tin.  u-vultaul 
elemental  vulovlty  In 


U 


£1  K> 


Introducing  this  dApiuswion  and  the  uoii-Oimeii- 
aional  coafficiunts  C  'cr  and  C  /tr  into  aquation*  (24) 

T  P 

and  (23)  results  in 


<r 


4  K 


%%  aim 

t  L 


7i 


( jt  ) 


Tha  rotor  total  thrust  and  torque  are  Oct  oriel  ned 
by  an  integration  of  the  preceding  rx])rvaki>li!i ,  u=-ing  the 
proper  Intagration  limit*  as  dost j  iUc«i  in  ih*-  hover  aiialy*i». 
Tha  final  aquation!,  becaiau 


I '  -  usb  per  unit  length  way  vary  along  ite 
length.  It  is  •onetiainad  to  stay  In  a  plana  which  ia 
rotating  with  constant  spaed,  SX  ,  about  an  aaio  called  tha 
corti.  1  ..  so  that  no  lag  hinge  is  considered  In  this 

plane,  thu  blade  1»  free  to  rotate  about  a  point  that  la  a 
distant*  "e"  f row  the  control  axis,  representing  ar  offset 
t  lapping  Hinge  Enh  element  of  the  blade  is  considered  to 
hnvr  leu  lone-  acting  on  it  -  a  centrifugal  force  and  An 
aeruoynsnic  force.  The  aerodynamic  force  is  fou.'d  under 
the  .>»*u.ept  ion  that  f.nn  nieannt  of  the  blade  behaves  as  a 
Iso  -  dlmon  i'  I  on  a  1  alrluil  in  a  uniform  flow  field  identical 
to  that  of  ea>  n  '-leauiit  of  the  rotor  radius. 

The  ini  low  velocity  paraaeter .  Ok  ,  is  assuaed  to 
b<*  uniform  over  ih,-  tntor  disc.  No  feathering  action  Of 
th*»  bladt  i-  io.isUIi-i  e<J  l-vreu''*  the  aotlon  lw  found  with 
respect  to  the  control  or  no -feat her l ng  axis. 


* 


The  problem  I  *i  to  ili  ■  I  or  in  j  lie  the  thrust  sr.d  power 
coefficients  lor  tno  complete  i-.mge  oi  lonum  i  light 
velocities.  Tni»-  1 1  effected  by  cho-'.-lng  s  un^i-  oi  i»lsda- 
angles  coapitl 1 1» le  *iih  the  abivu  .  Tnu  prorcrduie  hil  hwi'd 
1m  siallar  Ui  (lint  l>ir  tho  hover  analysis.  fi«-.au>c  these 
analyses  involve  iterative  procedures,  they  have  bcvii 
progrsaaed  tor  ner.hlne  -wlution. 

TRANSITION 


-  I  r  s  4  a  c  . 

'-p  i  1 1 * 

«•  "  2  “|  <.<-»■'<}> 


Tin*  dll  lui  intlil  equation  of  luiion  about  the 
i  lapping  n i luio  .  vr.jvn  uaprwsnva  iiic  «s«iiiwi  ius  o»  i,,s  «.«. 
tnlupal  and  .i-i  odkiumn  women (.•  with  tne  inertia  moment  . 
I1'  set  up  si.d  -wived  numerically.  Tho  assumption*  are: 

e  Two ■  dime i<  •  lonu  1  flow  at  each  -.action; 

•  l  »u  ill  -.toady-stale  airfoil  data, 

•  (Hn. tani  inflow  velocity  over  the  rotor 

disc  . 

•  i  on  -tom  rot Kt  iwiu  l  speed  about  the  control 

ftCi  , 

•  Rigid  b 1 idp . 

Rv-lcriiiig  m  the  ngctcli ,  the  differential  equa¬ 
tion  of  an'tno  >!>tained  by  equating  the  moaentu  abo>it  the 
flapping  i- 


In  hovering  and  high-.-peud  forward  flight,  stand-  T  ft  -  M  M  m  nn 

ard  propeller  vortex  theory  methods  can  be  used  ior  per-  lr  ‘ 

foraance  analyolw.  In  the  transit  inn  regime ,  however,  the 
Inflow  angles  are  wo  lar^e  these  mntaiodH  no  longer  apply. 

Accordingly,  for  an  articulated  propulsive  rotor,  hell-  Thi  contrllugal  force,  df  On  a  portion  oi  blade 

copter  Bvtbods  au>vt  be  u.ed.  Although  this  mat  nod  is  not  dr'  with  4»4'  adr'  i.%:  c 

as  accurate  as  thw  strip  analysis  for  etstlc  thrust,  it 

can  be  used  for  genera)  paruwotrtc  studies  for  ststlc  thrust  ar  .  mUr' Tile  IT  uOiCl) 

and  power  by  merely  setting  the  advance  ratio  y^.  to  zero.  ’  *  • 


During  transition,  tne  approach  velocity  m  r»- 

solved  into  components  that  are  parallel  and  perpendicular  where  r'  •  (r-4s) 

to  the  shaft  axis.  The  parallel  component  and  tha  induced 
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and  where  XT.  la  the  rotational  velocity  about  thr  control 
ula,  Add  (•  ♦  r*  CD*  £»  )  la  tha  radius  of  the  alewent  da’ 
fro**  tkaC  eats.  Tbv  »omuI  ara  *boit  tha  flapping  binge  la 
(r’a)  ala  fs  .  ao  tha  total  centrifugal  aoaont  la: 


positive  when  tha  rotor  la  tlltad  back  In  tha  uaual  autofiro 
convention  Tha  velocity  dye  to  flapping,  r1^,  la  included 
In  Up.  Tha  velocities  ara:  1 


.  »i.  *r 

r*i^  ■  -*»  n» r  ye  r 


•  A\  .  . 
r  uo 


•  *  A  kin^tet^  f  rn  <*  dr  •  A  I  ktoC*  f  *vtr'^r 
l  Jj 


UT  ■  £l(c  tr'coifl)  +  Vcoi«:  »m  4* 

Up  ■  V  g.o  n*.  “  "W  CO*  -Vco»  sc  coavj;  Bin  -  »*'(?> 

*hlt!»  car  t>a  non-dlaanalonallcad  as; 


Tha  aarody  naalc  tor  CO  on  a  blaila  aactlon  la  showo 
ia  the  next  sketch. 


• 

wot^  ktn«o  ~yf)  *Vtoa«c 

(Cl  l4»  *vo  -  rp 

<37  ) 

tv 

i>K  * 

^  t.og  - 

coa  bln  -  *' 

(3  tf) 

<75  ' 

5  ♦  KCO»^>  ♦  f*. 

t3») 

The  irf 

lov  ar.g lr,  (J)  .  Is 

obtained  iruw  the 

pre- 

cuedir.g 

figure  as 

4 

«  tin  1 

ur/u, 

*  1  Hr\*' 

X  coa  P  - s*  co* 

>V  ^ 

4  /*-  ken  ^ 

Ou) 

and  tbs 

angle  of 

attack  ,  «C  r .  as . 

•C 

r .  <t>  »  «  -  f>  t»i 

(40 

Tha  velocity  (10  la  ih*  ralattva  velocity  .  .*aposed  of  tha  cow 
ponente  perpendicular  to  ube  control  axil,  and  Up  paral¬ 
lel  to  It.  Tha  elementary  forcaa  acting  on  tha  blade  ara 
^  perpendicular  to  U,  and  parallel  to  It.  Thaaa  glva 

llM  to  an  alaaaatarj  thrust  forca,  dT  ,  parallel  to  the 

r 

control  MU.  sod  4Pp  perpendicular  to  it.  ahlcb  ara  givan 

*r: 

dT^.  «  dlr  coa  ^  t«4  0r  cm 

dFj.  •  d  Dy.  coaO  -  d  Lr  3tn  <J/  Of) 

Tha  forca  dp^  la  para  Hal  to  tha  flapping  hinge 

•ad  produces  no  aonent.  Tha  forca  dT  la  tha  wane  at  4T 

r  A 

shown  l-j  tha  pravlovi*  sketch,  and  haa  an  ara  r  *  .  ao  tha 
aerodynamic  bom n t  ta: 

M.  m  T  f(JL_  cold)  4  dD-  stnCb^r'dr'  » *f> > 

•  «  j,  v  •  •  •  •  / 


■are.  tha  Integral  la  taken  Over  that  portion  of  the  blade, 
A.  that  la  aerodyowncii  lly  effective.  Allosiuc*  cen  than 
b«  made  for  aacludlng  tho  eZiaok  of  tha  blade  near  the  hinge 
lr  tha  lifting  urodynutc  effrets. 

®y  using  lift  and  drag  coefficients  based  o*j  thv 
•action  chord,  C,  aquation  33  can  be  written: 


r .«  / 

!  Hel  < 


where  1b  tha  flap  roglon  C*  !»■  given  aa  C.  -A®*?,* 

v  table  '* 

and  C  C,  a  A*  *6u^  *  j*  ,  ■■  in  tha  h»»aur 

d  *tehlt 

auly*U . 

Tha  spaed,  U,  can  ba  expressed  in  tains  of  tho 
flight  speed .  V.  rotor  angle  of  attack,  «<  ,  rot* i tonal 
speed ,  XV  ,  inflow  velocity  p*-«U*)  to  tha  control  aiU,  v, 
aod  ariauth  angle.  ^  Kotor  angle  of  attack,  «<  l*  taken 


Share  «T3  represent*  the  coupling  between  pitch  and  flap¬ 
ping.  Along  el th  tha  Mach  oueber ,  U/a,  «Cf .  determine* 
and  froa  airfoil  section  data. 

If  the  quant  1  tie*  V ,  *C  ,  v  .  XT.  ,  ©  .  a,  and 

jS  are  known.  can  be  found  at  any  aiiauth,  4>  . 

It  car  ha  shown  that  when  »  rotor  iv  rotated  at  a 
constant  angular  velocity  lr  inertial  spare  about  an  axle 
perpendicular  to  tho  spin  axle  (precaution  about  the  "y" 
axis  of  the  rotor,  for  Instance),  tha  rotor  blades  experi¬ 
ence  a  vibratory  f Upping  eoeeni  that  would,  if  tha  blade 
ware  rigid,  produce  a  net  rotor  rolling  eoeent  about  tha 
aircraft  ”x"  axis.  Thu*,  tho  behavior  or  an  lnfirltoly 
rlgl*'  rotor  aitb  respect  to  precessions]  velocities  would 
bv  exactly  equivalent  tc  a  gyroscope  operating  with  the 
wane  angular  aocantua  (uoaa  propeller*  approxi»ate  this). 

The  articulated  rotor,  by  virtue  of  It*  flapping 
hinge*,  cannot  tranewlt  blawe  flapping  momenta  to  the  hub, 
end  nance  aunt  react  this  vibratory  gyroscopic  flapping 
aoaont  (due  to  precession  about  *i»e  "y"  axis)  by  other 
weans.  *t  does  th  I  w  by  •  ■auatr.H  a  longitudinal  flapping 
anele  (,jth  r*>  pact  to  ■  plan?  perpendicular  to  the  spin 
axle)  that  producer  a  vibratory  change  in  blade  angle  of 
atfacU.  Thie  It.  turr.  prolucev  an  aerodynaelc  flapping 
■occi'  just  auflicitnl  to  balance  the  gyroscopic  flapping 
■onent.  Thle  resultant  tendency  lor  the  lip  path  plana  to 
lag  the  shaft  plane  in  an  articulated  rotor  that  l»  pre- 
cesalng  in  inertial  apaev  la  aa 1 1 -ducuaented .  The  incra- 


aental  flapping  angle 


produces  a  rotor 


■cetnC  about  the  aircraft  eg  due  to  resultant  forca  vector 
rotation  and,  wher*  offset  flapping  binges  are  eaployed, 
h"b  wosant  affects,  Thun,  the  aowut  due  to  tip  path  plana 
lsg  la  essentially  a  rotor  damping  in  pitch  contribution  to 
the  airfruea. 


The  aior*b*ntlonod  vibratory  airload  ehlcli  reiulto 
froa  t bn  tip  path  plane  lag  le  in  a  direction  ao  that  It 
aubtracts  from  the  airload  on  the  retreating  blade  and  In¬ 
creases  the  airload  on  the  advancing  blade  for  ooee  up 
pitching  muon  of  the  tip  path  plane.  This  tends  to  load 
th*t  side  of  the  rotor  diec  wovt  capable  of  carrying  the 
load  suu,  by  unloading  the  aide  of  the  diac  least  capablv 
of  carrying  load,  provides  re treat Log -blade  stall  relief. 


The  expression  for  the  additional  flapping  soeant 
due  to  preesuaion  of  the  rotor  in  apace  can  be  indapend- 


ib€ 


"  1 

I 


M 

i 


•| 


i 

{ 


•  ally  dsnvei  and  euper-  lapoeed  upon  tba  trapping  equation 
oS  Motion. 

Consular  a  particle  rotating  at  constant  angular 
velocity  f  n  *  - -  )  In  tlu  a,  y  plana  ui  a  rectangular 


coordinate  ayataa.  If  tbla  coordinate  ayslaa  la  in  turn 

rotating  about  Ita  "y"  am»  at  ao  angular  valoctty  (q  -  'f’’  ) 
with  reepact  to  an  lnartlal  apace  >ila  ayftaa  (a,  y  .  t), 
tha  abuoluta  accalarat loot  or  tha  ease  particle  are  devel¬ 
oped  kk  follower 


The  absolute 


y 


Tb*  abaoluta 


position*  of  tho  part  It 

-  ~r  con  «V  to*  ^ 

-  -r  aln  41 

•  -r  COa  i>  aln  T 
acceleration*  ara: 


laa  eve; 


X  •  -V  r  Cl  btn  'f'f'  +  r  co*  +  cos 

+  r  ft*  <.©*  ^  co  3  Y  ♦  r  cotk^i  kin  T7* 

ll  2 

Y  •  -il  r  atn 

S  «  2  rXlkin  'V  CO*Tf  ♦  r  <-o*  sj»  >tn 

r  ex’  ito  7 k|i  -  r  co>  ']J'f  qo*  y 


<1 


Tbaaa  acceleration  can  be  resolved  into  t ho  rotor 

Mia  ayataa  by: 

X  a  x  to»  7^  +  i  *i«>  7J 

y  ■  v  t  i  -1 

2  ■  2  COi  7^  -  X  ato  T'  a  2  r*  Ci  t'  iio  V|J  -  r  -  y 


Only  tha  "a”  acceleration  la  of  intntHd  '«>  *»** 
flapping  Momenta  ara  being  considered  bore.  The  additional 
blade  flapping  aoaent  ia  *W«ii  by: 


It  la  convenient  to  write  tha  equation  In  teraa 
cf  non-dieanalona l  quantltiaa.  To  do  this,  fi  la  considered 
a  function  of  tha  azimuth  angle,  y  ,  rathar  than  tba  tie#, 
t.  (toting  that  for  constant  rotational  apaad  i\,  4>  .  end 
t  ara  ralatad  by  (  +  «  fl  t  ),  the  itaa  deri»'*tivre  of 
can  ba  changed  to  derivative*  witb  reaped  to  4*  *■  follow*: 


Hare  the  aeterlak  denote*-  di  f  ferentl  at  ion  with  reepect  to 
^  .  a ) 1  leng t he  are  itzde  nun-dlaeowlone 1  by  division  by  1, 
the  blade  radluv .  and  all  velocities  by  division  by  Cl  R , 
tha  tip  spend  In  this  way  tpr  following  diainiionUaa 
quantities  deliued. 


"7* 


c* T  •  uTi-nR,  \*p  •  Up/AK 


S*- 


V  -o*  *- 

rvR 


,  * 


V  •  \r 

Ufl 


ail 

U  ■  UT  v  Up 


Ihen,  niitcn  non -«.*  imuneiona  1  ly  : 


P* 


*  *■  Mg  t 

*  7T1 1 


(4P> 


The  calculation  proceed*  fro*  an  arbitrary  etart- 
*ng  paint  for  any  given  roabi nation  of  advance  ratio, 
inflow  ratio,  X,  end  collet  live  pitch,  ©. 

Initially,  the  blade  la  aeauaed  to  hav*  a  partic¬ 
ular  valua  of  flepplng  angle  fj  .  and  its  first  darivatlva 
at  aaro  atlauth  position.  This  starting  atauaptlou 
define*  the  I n* t»  -Uanaouu  ceclion  angle  of  attack  dietrlb- 
ution  along  in*  blada  and  conaec,  uent  ly  permits  the  evalua¬ 
tion  of  the  aerodynamic  ami  inertia  «oaant«.  Tba  aube  - 
quant  azimuthal  tuatory  of  tha  blade  any  then  ba  calculated 
for  email  iflrr»Mnl»  'n  aeia-jth  poeition-  Tba  blada  it 
brought  through  a  number  of  coaplete  revolutions  until 
flapping  convergence  ir  achlewoil.  Radial  floe  effect*  ere 
accounted  for  by  aultly lying  the  profila  torque  and  H-force 
by  appropriate  fat  lor  a  derived  fro*  |AS  P»  sprint  684  (61) 
The  converged  motion  and  *  *ia  ir.iegrcted  rotor  force*  *nd 
auae.itw  are  independent  of  the  initial  assumption  of  blada 
action.  Tha  output  fro*  thu  progra*  rnn»l*t»  of  tbs  Inte¬ 
grated  torque  and  force*  along  and  perpendicular  to  the 
flight  path  a*  we 1 1  ■«  the  conventional  thrust  and  R-forca. 
In  addition,  the  flapping  entlon  lw  given,  ana  the  angle  of 
attack  diott ibut ion  lw  given  at  every  radial  station  and  at 
every  azimuth.  R*>ior  control  a«ie  angle  ot  attack  la  alec 
oriBit  i  .hi  iic  tor  p«»»«i  i.ii  Hi.  n'"l«  «wlculated  oa  lng 

tills  piii^i.m  vi-t-  given  III  i  i gill.  , 

Although  «efin.-d  in  I  m  »  'trail*.  U  mu"  ‘f.tlun, 

II..-  Ilapi.li-*  iquildTiva  ‘-qu«ri..,i  is  valid  at  all  speed-* 

|i  «s  in  i  ■  i .  u  a  t  •  I  In  i  — i  ■  *  rd  i  light  flawing  pr«- 

i.-.i  i  .I'U.  .■  S!  T1  ■  i  i  i-.iMi.il.-  the  clft-tl  ..l  M 

i  .  iti..  im  i'  .  <j  *ji 1 1  .  i'M  i  i  .■ . n» :*a  di-p  ivat ive  a 
Mi.liin.l  i.~is  -  aadr1  .  . . .  i  a  *r*  *  hoer  in 


r*m 

Jrvy 

•'O  D 

•2 

*  *  -2  >1  f*  im  t|>  a  J* b  j  r  Jm 
^  Jo 

Thus,  tha  equation  of  motion  for  a  flapping  rotor 

blada  preceasing  at  constant  anguUr  vsloclty  (  7  1  ^  ) 
nay  ba  written; 

£>  +  Mc  ♦2i|Ai|>sm  ^ 
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m  -  a,  «■.<»•  t»i-«  'J') 

)(  *.-*,  '-o*  +  *  L.  ■*‘n  ♦/' 

+  £*,  -Ok  y  ♦  b,  v*.rt  4)]  ■l™ 


By  deficit  lion 


but)* l  ltut  tug  theao  c*rr«h*  Vui>*-  into  equal  ion  4b 
yield*  for  the  Inertia  tere«  on  l  lio  right  hand  -ldo. 


— k  a  r |  J  »Ch  y  -  O,  ^  iin 


For  the  t«rody.)Mt<  portion.  *»-»n«u*  »  1 1  oval  lilt 
curve  *lup« 


€  '  \l  2 

dL*— (f\R)x  t 


•C  -  P  tanjj  -  - 

Aeeuslng  a  *»lngle  hareonlc  mwnbv  lor  fS  : 

*  dv  -  <A ,  i.c4  y  -  b,  »m  y 
£>  •  fl(l,  ■  b,  «.oi.  ^ 

4  ■  4m  -r  J,  *in  y  ♦  -i|  wO.  y 

Mild  for  $>  for  hovering  flight. 

Sulib 1 1  tut  tng  the  lUova  Innoriu  m«|>iiiiviiU  oi  f> 
and  S  Into  equation  50,  the  eapi  «-.*lon  tor  dL  o»  l>uiO«*» 

•» 

a,  t**  «f4  -ok  y  ♦  *>t  ten  y  -<*, -1*1  t 


~  %  -V  ■ 


To  aciooitl  for  t!ic  1  >•.!■•'  in  lei  variation.  «m  h 
cyclic  lilt  eaprokklou  i«  aullli-llcj  by  t  h>*  facto*  tl-K). 
the  u»e  and  derivation  ol  ehl»  n  are  explained  l-'oc. 

In  addition,  tho  total  llM  1  >c|..i*U,d  into 

haroonli  coejionmit  a  : 

olL  JLe  uL*  dLl  .  .  <?.d> 

-7—  ■  — *  r  At«  y  *■  -  5  co*  y 

4  k  4k  di  <A* 


Iquallng  lUv  part  .  : 


p  - 

—p2  ■  “(^P)  &  ♦  Tw  (*--73)  -  A*  t*n 

.  —  fn  h1  Bji1  ft,  t*«J.  -«cr J’lli-kl  .... 

a*  1  V  /  1_  1  •  \  -X  y  ‘  •  JV  <  — - 

7^  *  -f-(*iR)  *<-»»*  *  ••t"’ 

Substituting  tln>  lurrunti  luapunenla  Into  equa¬ 
tion  47.  Inlegiating  in«li:«ll)  utilising  the  Ineitlal  ioa- 
punviti  ol  uq nation  4b.  the  lul  lowing  equal  tone  In  a  and 
bj  are  obtained.  A 

w. 

7k|  '(4" 

*  ■  T*. 

lor  convenience  the  cunutant*  In  $  and  flap  In¬ 
board  end  a^  are  called: 

_  »  2  Y  .  I  -  »t 

P*4  *  3  J  L%  “1“ 


being  Kraaar'v  rule  and  equal ‘od  M,  the  eipreea- 
ioni  foi  a  and  b  »ru  obtained,  accusing  no  /  Ik  Intro¬ 
duced.  1  >  2 

„  .  -s J. (H -^)[(r-k)^  *  J  u"  J»] 

pTTf?^  r  J  l.b  j"]* 

I  l-k  a_ 


The  partial  derivative*  are: 

.  P-yJ.(n-fe) _ 

p,*  _(Tc5  S/r  *  JUni») 

jb,  _  s/*  <-JUnj»] 

P1" 


and  -lallerly  If  e/*2  »erv  applied  but  not 

jt,  P-S(H- Jt) 
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r 


<W  -  — r~ 

i  ♦ 


a© 


r.-! 


P#f  »t  r  I  ng  to  th#  vk  •  t  c  li .  It  <  an  b*  a**n  1  ha  l  f  01 
(hi  proptllir  C'nidl  t  len  thw  fit*  nun*)  to  Hit-  lulur  dl*t 

•v  V  bi  *r 

'  *  T)  H 


1  •  (v  fctO  ♦  tfj  Thwn  by  0a(  In 

'**d  >*i 

proa  in*  Mlliu(>i«r  autorota  <  i***  viiuin>  oiagta* 


VcOfc-v 


tb*  *  lo»  through  tbw  rotor  dlwc  I*  »fj  •  >n<s  A  l* 

1  Vnn'v  ♦  vr  Vvlja. 

d«flb*d  A«  - - - -  .  •f»d  yuL  - - - -  • 

a.  R  n  R 

Conwldwr lng  tb*  1*0  <*lagr*»a.  11  l«  oU»ti  vid  that 

V  tot  — - 

*  "KTT~ 


ll  la  «B)>li*»l**t)  that  ttl*  awdun  1  of  f  ^  uMd  do** 

11*1  rtdui  v  tb#  #tat-i  Illy  b«lua  that  or  an  aquiv*l#nl  •«*,»- 
ii  1 1  hi  t  lui.ir,  inili.  a  1 1. mii.  aia  that  ih«  stability  will  I -a 
|r*i|ur  lh«n  a  iilu-oftaat  binds. 

Kin  MUMIM 

H-it-n  *  i'll  1 1  u  1  lal>  ‘illy  Ooj-.in.j*  nut  only  on 
tyi  1><  kuna  1 1 1  v  1  •  >  .  In.  I  also  on  t  It#  au#On(  rWaultlug  Iiua 
tin  i'IhuI.ih  blada  fla||- 1  tin  Tin*  wowwnt  u  tuayukyil  of  i 
iliiu»t  lyii'ii  l  mid  -•  «  ant  i  i  >  un  *  1  hob  aoaant  Out  to  ilia  flap¬ 
ping  hli>k«  ul  f  a*t  . 

Thi-  hub  aoaf-it  la  dtilvod  in  tn*  following  In  the 
I  iing  1 1  U'l  lull  Ulii-i  Uui,  Inil  I  ho  him  irmlt  would  L>->  •v|d<-nt 
ti-  a.  )  dli  i'i  i|  jii  1  :i  ai  iil.  l  ha  blado  u*  aidv  to  f  Jap.  111# 
li'im  n  11114  .hi  ■  I- lad*  iMiainl  #i#  •  how  11  In  th#  following 
Hh*ti h 


Tl>a  iirJJynaalL  auwwnt  rt*u)Mui  fro*  t  ha  loading 
blade  and  at  Hug  at  thw  offaat  Mug**  la: 

dLM-  •  -olLe 


and  \  •  -at  which,  whan  aubaiitutad  Into  t  n«  »tpn*MOfi  for 
prop* U #r  Inflow  ylwlda: 


A,  • 


Vbt»»  -  tr 

an 

A,  .  -A 


Substituting  thl-.  oijii  winloii  for  ^  lnt-«  U10 
♦qua t  inn  for  Oi<  yield*: 


A-c  *  &9-&Y 


-A- 


CT 


-J- 


-1 


t (\l  *>J)V‘ |  •’X*'  v- 1- 1 j 
j 


A-c  *  Ao(l  -kv) 


T><«  inwrtia  a-.a«nl  per  bladw  la: 

d-ML  %  r  P>  <A*n  a 

in;  avwrag#  uoti-ni  In  the  longitudinal  dtrwcilon 

firf  r*K 


Mu 


•  b  j 

1  “  z  ir 

1  ■>, 


£cAl  -  Ji-njco*  <|>  Jx 


(71  1 


Hon'd  1 wcntaiona lixing: 

W*  - 


Thw  aipi  imiun  1 11  limki'i*.  (l*k).  aii.M.nl-  ■  «»•  tn«-  <»•  I  i. 
Inflow  variation.  Thw  dawpn-g  fuliv  dov  lo  ll*|.-l'ig  1 
Ctlly  la  thua  rwduCWd  by  th»-»  (l*  h»l  . 

It  van  bw  ahoan  that  Ilia  af  i-w.-nt  !■«■.  -d  )<■  !-■» 
tl^itir*  fo«  any  vyviu  variation.  t«w  it  t  tappon  Jvatin-i- 
ing.  or  flap  input,  thou  thw  «iivii  lon»  ot  a>-d 

Falaballa  1  )  arw  aodll  lod  to  Im  ludu  (Mi  l«*ia.  in.  ipw- 
swot  with  thw  t*»t  dat*  •••  «ut  •tantial  l>  i*rf-v.  .1  »  1 1 1. 
rwgard  to  both  vonti  -»l  ImI«1  1  tty  and  phm>*  angle. 

Con 1 1  ol  1  abi  1 1 1  >  au;'.  ,  liu««»u  .  I*'  1  <i«  « «  a m-i  to  thw 
taount  originally  aaliaatod-  ind  way  (1*  *oi  urrd  t*  thw  m- 
cluwlon  ol  a  nugtt  |vw  / ^  Mug**.  Thw  effivt  of  1/  (  t* 

«bo«n  on  Figure  80  for  (hu  t-16  ilrplme. 

It  la  algnlficalil  tu  not#  that  1 1  ja  -  li|*Cc 

dynawlc a  Mandpolnl .  nogitl* 

natural  fr*«iu«nvy  to»ai<*»  one.'rtfi  .  or  In  uINi  *-»*!--.  lend-, 
to  rw»o\-*  Ihu  hlngw  <>ff*«t  ffua  mi  rotor  oy-'M*  •  1,1 

wabw  thw  odulvalant  ol  j  loitering  rolui  . 


r2n'r' 

-  —  — —  j  ■  j~Jl 

Jo  Jj 

^!>  s  -  A,  -  D,  etn  f 

^  *  &,  4*  *  **•  hvn  >|» 

The  inwrtia  p-u  I  ul  uquallo.;  7.' 


lo  2 


/»•  “  I  2 

3bK*l  j;  5bPl 


a1  ti*  «  i 

*  |  ^  so  *  y  tJ^n  -H 

J.,  J$ 


S'll'1  I  >lul  iBl|i  thy  Ju'i  t  <i  i  ^  (nquallm:  Tj) 

Into  vqualln.i  7  4  inJ  l  1 1»K  IhAt. 

T?* 

*  ;  »'•'  +  >- -*t  * 0 


tli*  K-  uM-|m  J. 

NV^.  “  — — -  Xd,.Ob>fJm<*y 

- ^2^  J  j  A>  -0*  'V  ^  + 


Sine*  cOi  sj>  »* 


Nli> '  n*  I  r1*'^  C*-- J)j'" 


*  »P' 

If  *— — — |  »•»  •  .*Hci  3 

'  Jj 

Than  atiuitlon  7t*  b>K'v'"H'< . 

_  to  2  .  y 

Mu  •  J*  fX  4,  I|  3 


This  lr-  IS;/  |>t  linlpl--  |i.iri  <>|  » lit'  hu»i  ROM-lit  j  i'0 

lu  iiii* nt 1  to  mu  »iv...  l.>  M  y.-r  a .id  li>  i-  Uit 

thu  irrudyn*ili  -she.il  ’.lul  tollu*-  ■  «n  ■  on  l  r  H*t«  l  «•  an  .tj.|>i  «>  - 
lsUlo  |>ai  cent  .t|'.o . 

i'i.-  lilt  i«ati: 


3bN  |''*f  4L  , 

»V  ■  -  rr— -  <-Oi4.anJ.ui  I7. 

J, 


i  ^  «  l.  (^»  l  w)  K  (x  b/k  tjf)  |  O  -  ^  \*n  d4 

^  (x-J)(i-k)d, 

t  X*  ( *  -  •  73)  ♦  r— - 7  -  V  -  ■  *  4t.n  ■$> 

(*  -  3Wl  ~k)b,  ^  •  » 

*  —  —  X  —  — —  vOl  4> 

X  ty».  *ir,  ^  ■»  tern 

*  — - -  t  ~  / - -  «_Oh|4' 

2Qr  *„*.  »in  f)  Jut  A*  f 


X  *  **.  but 


*in  4>  Wi  V 


•  ***4  (%  +  W,  Cl  -Kl  Mn  if  *  4X  (l  -  k)  v.o* 

Ijii'i  •  t  f  lu  I  I  Mh  tlsl^  v'»|its-i|,i„  |i,i  «1L  Ok  Into  e^us- 
t  I  ■■  7  m  ai<>>  1  ■>  I  ■  £•  ■  ■  i  i.j,  u  /  I  Mu  (  lift  i  i  }  .  Hit-  |d|  luilii|(  Is 
•  •!•!  a  »n"J  . 

f  r  » 

•  -JbR1  j  •.tin)1  ~ 

J3 

-  ~-4  ^(l-k)  J  J,  -l*} 

ludml  tit  l**,  l  at  lull  )  in  ’  Or. 

b,  \,  'k  i\  I  i  -  i*  .  /  \ 

»  - - - I  A*.  — 7—  -  4,un  (I  -kJ 

-Si  ■-){?- r-f  •?('-*■}} 

•  ' X V -’.ij 

l-if  ijntri  nitfistf  me  oil  bit  &nd  f  Ihj-  roiiblanto  or* 


A  .-35  ,5  3’ 

*  ‘  — ~  N  *  I  -  T  *  i 


6  »  I  -  1 


o-i:5! 


r  - 


1  ha  tot  '1  hy  b i» ;  .  kcrodyn44.l1  *nO  Inertia. 


Following  tf.w  pi  lit  i*ij..i  r  ul  ll»«  vdntl”!  <?qn»l  li'h' 
tor  blade  kkt  t  lun  Kni,'lu  *»t  attJvk.  an<]  os'iiiimk  akLi  11  jn^  It  > 
for  11, 

Ihun  IJ  M  U,  t  nk^.^.fi'V) 


and . 


Mw  «  TUu,r«,  +  TiA«.D 

-  ‘  L*  *  L 

J,  ('-•')  (a  v-*e>) 

-fe,(l-k)(N.^  B) 


The  principle  difference  between  equation  d2  And  i 

that  given  b>  Mayer  and  Pul  aba  11a  (A2)  am  the  tarns  ton-  ^ 

taiolng  ,/*  ,  I  lap  character  tut  lea  eCj.  ,  I  F  and  tna  cyclic  i 

Inflow.  The  partial  d«rl«»Uv«  with  reaps*  t  to  a  I  lapping 
brroa*l  :  1  — 

i 


For  ho»#r  vlmr* *  0 


t*«  4,  (l  -  k)A 


IquatlOn  *2  tit  uiod  tc  construct  the  upper  part 
of  Figure  A  check  of  the  relative  lapoitunce  of  the 

first  and  second  tern*  Inalcalee  that  the  aecond  tera. 
because  of  aerodynamic  shear,  aaovnti  tu  13  percent  of  the 
Inertia  tera  for  lha  E-16B. 


.V  V  V 


t/r 


C~,U  •  •  '» 

i  *  -o»»5 

\  •  * .  46 

Fur  t».i  i.'  .ira 


O  -  Initial  rVn  i  pi: 


fa-.  1^*4, 


iin  R' 


LOHOITUDIHAl  TH1M  ANU  Ci>STKQl 

AAi'  Kapur i  u-1  l-T -4rj>  piei-n'!,  a  gi  l  pcii.o«i 

that  ia  ineniMt  t>*  Manual  luluitnn  foi  iric-ing  niipluiif 
The  follow  in/  a«i  hnJ  It  li.Vted  th«-  ‘im  cor.it.pt  l».it  -dll- 
1  Ilea  a  cocputai  'h  capacity  f  >r  lo:  **,»».  Tliie  c**— - 

puter  us t hod  iito  allu«i  for  t>*t  •  •  *  I  i-»p.-o\n-fii*  *  t.-  lu  i  ■»•••* 
uwr  the  naoual  uethod,  one  of  whic!.  i*  i  in* I  isi-h.  "i 
rotor  control  equations  an  u»  lntwar.il  part  o»  l  In?  til 


..I  Mon-nt  t  iv  il> 


r.isi/  piucuvv.  The  procedur biviun  v  i  ♦  I.  a  balance  of  fur- 
com,  veitlcal  and  longitudinal  and  iwtrn  inns  tti«-  velocity 
«t  wlticli  a  particular  thrubl  c  m  f  f  ;C  l**ti '  furulatiSS  cqul- 
j  ii..- hit.  It  is  than  put  inti*  fc-wn*  balance  cnlng  rot  nr 
and  i  levator,  1  tor  at  in/  .mill  i>*  ■ittaln«-d.  Th*  sketch 

del  in.  a  a  number  uf  au/li-s  that  arc  ptriiaeat  to  tbe  soluti 


v 

T  V*\ 


//  JS 


“  m  "J*  •  7*  **  An/ 1  between  fuselage  and  wing 

r‘  .  ’t*  '  -  Ancle  L'.-tret-n  loiatlve  wind  and  irSultant  im  or  fore 

■7  'S**  ‘  _ 

T*’*  —  An.;li-  t>ct  irn  relative  wind  anil  *lug  (Fm  K-H»H 

1  whore  l  -  l  -  0) 


fri.i  thv  xk«iC!i,  I  h*  1  ung 1 1  ud  1  oa  1  i  ui  ,.u  1-aJanrv 
equation  liveuuns  : 

X*  NT  to»  7^  '  ^  ^4  Stn  X  +  N  J  t-o» 

L««c)  “"(T  -  ■*•„)  -  (0,  *  dna  J .«»(/  - -cj 

-0,-0,  -D,  -  W  V 

•  Hd  tll6  L  C'|>l  ’•  I  lull; 

2  *  -NTii-nT*  •NTWcokJ'  -  mj  ij) 

~C*-k  *  LH*u)  «»  [T'~  •«„) »  (Oj  *■  C>MAc)  (r 

♦  WWi  1  -L, -L,  -L, 


Toe  lliru«t  .mu  b«  laclor<-d  <>ul  «•!  *  .111.  ■«•■•  •  1  ; 

T “  N^e.r’-  «:v.»r')&Li* "n^r‘ ’ 

+(D»  ♦  D««J  ^  »i"  v 

-  N  J  Co g  (X  ♦  in  )  *  t  C>  ^  ▼  *1 

T*  5u«  r-*'  *»  f  [•(L*  *  Wk(r'-  "^) 

sin  ►  Wcos  V 

-  K)J  *in(j'V  t^j  -Lr  -L^  -  ij 

•quitting  both  exprt-s&  tu-t*  1 01  1,  ir.-ktn,  pa  Wky''-4‘  Vin  J 

Q  ■  %i*X  +  ^  1»&*X  •  :,n'1  *  Lj.^.  JH  1  j,s  *,,,J 

D3  *  I,NAC  **  USN  ,C*d** 

(cos  «;w  -  A  ggr,  +-  (sin  ~-w  >  A  Co»xw  )°  3N 

VQNJco*  (7^  *  lj)  ♦  PM  J  S»ir.  (7*%  ) 

>Q  (wvr.  hD,tHttO(*  0M^  toif'l  x) 

-P(Wco»V-Lft-L,  -Lt-L,At.o.f -z).C 

Lettla.  L  •  cciv:w  -  1;^  -.w  ,  ^  ^  —  w  '  -2-  , 

and  rearranglm:  /-ji*  «*qvi  X  l«r  nr.  «•  "i .  :■-: 

LSfc»  u  *  W  ♦  QM  Jvo^,  (f%  ij) 

+  Q(dr  +  D|  t  Dt  +  DNAt_  _o.  7"^)  +  P^J  vtn  (7"^*“  li )  t^e '/ 

+  »•  L1  »  L  ^  com/  )  *  W  (p-os.  &  -  Q  ivo  V) 


ordinary  lift  mid  Ji-ji,  «-  f it  lc.it  -.  •  i>i  n  rr.nijly 
List  lnatrd  : 

1 _ n  r  , 

Pto»  V  -  Q  »in  V  *-g  "*  ^  ^»a» 

J"V 5  m)  +  qC°^  <j  ♦  s  1 s* 

St  \ 

+  COt  J  5t’iJ+aCi»H^taai,aAv.t0h/ 

*PMJVi  M)  *■  pci..^  t...5».-"os T“ 

+  P(C|,S«*ct,3t)l*pci.l^-X5t]*w 


Dividing  through  by  q"3  and  calling  thv  ^sprcailoii  la  tha 
bracket  a  r 


W  r  _ Xt  _ 

■}'  i  (hco»x  -  owTiy^T 

.vi'l  recalling  that  (rua  G-11J-4:  «  — 


•  »t  thi-  aynarilc  preaeutv  at  »i:lci.  Nuutaioed  uqulllbrlua 
1  light  at  a  given  %elght  and  T^;  i«  attained. 

Lquation  contains  thjee  separate  dynaalc 
|-iLSUurv!<  ahleli  must  be  reduced  to  a  cunun  baala: 

g  -  the  tree  atieair  dynamic  prcasuia; 

q  1  -  the  theoretical  dynamic  pressure  Id  a 

fully  divvlopcd  slipstream, 
q  -  the  ar tu > 1  regultant  dynamic  pressure 
1 ai  thu  particular  fciint  In  the  elip- 
Nlriiin  undur  consideration. 

10  dc  <  li  r:mi'  t  ht-  vain  css  ions  fur  q  .  X  «  *»C .  . 

res  " 

and  0 ,  In  thv  ti  onulMun  flight  regime,  reforence  le  a  ado 
t.»  th«-  neat  uhelch: 


Kron  mon.vntuc:  theory,  at  the  rotor  disc: 


T  *  2  £TT  R  +  vhvre  v  la  th«-  induced  velocity,  or: 

-o 


t 


ZT 

V* 


Tin-  total  inti-  *  wlo-  itv  .tl  thi  rotor  dls*r  1b  liicrofore 


V  a  -V-  -  \J 

injlow  1  wl 


V7/1  + 


feH7" 


At  111)  point  in  the  slipstream: 

«  .  i/Tv - ?—L - 

L  v  Or*) 


wtivi.  Vt  rn  Vcos'7'  and  k^  ib  the  ratio  of  th©  actual 

h  1 1  pat  ream  velocity  to  the  th.-oretlcal  fully  developed 
ell  pa  trean  (G-113-4).  Refen  mg  to  tha  sketch, 


v4..v'co,jr' 


s*/'*  ,  *Ct  1 


IS  5 


+  V,»in*7'' 


]f 

I! 


«,  H  for..  >.  «.  «««* 

M*1  fore*: 

-  .11  *t. +)«»'»  („6J 

-(dlaO.  4>  •>  + 

Th.  II.C'1  P.T.I.*  1.  *»»<  '»  U,t: 

ih(. 

Lift  i<  .  fUDCtlvl*  n«  «C  ”  9  '  *  '  " 

e  -  ■*  T,  (»  -TSVP1*-^  ^ 4‘  * 

«nd 

[~x -i>A\ V  o-M->-tCi-wKo>ij 

*  I  *  “  *-  +  ai*  *  J 

*  <C^  X,  kin  y  (.h)  -V  $  l  ^0 

*  ‘I  It 

X  _ 

-•Cjtf,  -»c^<f,  O’  kjiti'V  *  Tt^Ti.*  'J’ 

co»* 

Halting  a.»nn„.10nt.  «>«  '»1*'  ‘n<1'‘'•'’  "-r'’r'” 

la: 


K. *  - Sf 


i2iroft 

e 


Wo 


?-«^:UrlV  X-"*  **-yi  t><.«*^clydr 


iy?) 


,  ~  p,  .nil  rot-«n\mr >»»* 

juLnllttillng  tha  «*''*"”*  *°  '  *  ' 

that  4>“^;  «»* 

ft  %  O.  -a.  C«k  J>  -  V>.  *vn  ^ 

I  ■' 


bl  I  (nR)^ *t±.  |aT  aT 

ttU,  j ,  (.  -k)ao  .  +  l  V>.  U.  i,  0  '  W)  «<>  + 

,  > 

-  4*  -  0“  k)  St*!  ’k  ^  ^  s.n  ^ 


c.o  j  4* 
w  k*-"  y 


..b,  ( .l~W \  kvn 


.  U-Wl«.  lO.^  * 
x  ♦  jj~  »»>•'  H1 


kv*  ^ 


**■  xy/^>i*V  J-  j, 

+^\o,  (i-ki  ^  »'*♦!  * 


+  [e„,^(,-.n)  -  ».Un4.  ix.  *♦'<<.  * 

♦  b  i.n  4,  0-  k)».n  +  -  - V  4.  -  "lj  4,  (,1-k)  »«  ♦ 

x  (x-  ilt.-kf  *.  I|nt 

♦  ~  ^  ^  vi-aTf  ~  ».  \  /*.  »i*'  *v 

*  - Xl^a-t  *V-— * 

ll-VQfe.  km 

Xky-kinV 

(*#-  "  b.  Vin^ 


l 

[*>**-*"  ♦) 

CO* 


. . xsKMmttVsr - - 


2Ch; 


'®0> 


;*j»» 


)**TwV0-4) 

4  Xx.-txn4,(l-i)  -Xb,t«n4,(l-k)(-J—  ) 

4  4.  -(■  -x.)+«v  4,  A  ^i-  ^(-j-1- ) 

*X4,il-k)^  -  j  +  |  )- ®7i  *'0"WHs  ~i  +  «  ) 

|i^  -  i(>  -'.)J+  ^  0*w)  (i  ■  * + 1 ) 

tanJ.  0-k)(.-5 )  -  <?„  7-1  *.(!--')  -  T ^  *. 

(.-lOO- 

4  ^  4.(l-k)(l  -  %)  *  4  *.**<  4  O'  V)  (“T^ ) 

♦f 

^iwx* vi.^ 


IS7 


"1 


■  in* 


Sit  p*t  ri>»* 


♦  L»K,  <•»»«■»  '  *<*  '^.)  * 


■  Ing  oui  «.f  3 1  !»■:•* r"»» 


<D  *\.«.  s,  „  Lr  o^^.r' 

'*V,  »t.'>7")+D,  i 

n«i «.- 1  tea 

K  g  *t  r  l  pkv 


m  ®19  4  X*  -  *,<-oa  -  b4  avr\  »^)  t«n 

“'•J  (/*♦«*•  »*"  +  "ft' «*♦)♦  - - 

'  X  4-^  ttn  <y 

_  Cv  -  3)0 -k)  ^  A.  v  O »  * 

^  -**-  (>*k)  <3,  vo»*4  >u.(1*k)  b,  a  -v  vok  > 

«  i»n  V  »  ♦  K  -b.fcln*) 

f.  jj ^  (|-kH<*%  -  A,  to»  41  -b,vn>) 

fiR(x  t  ^  km  XlR  tx  kin  41 


Tlx;  lag  l  t*  ►  annuii  I 


pl'chiui;  vo  lu.  tty.  Mid 


m  AR(l  t a*r\  <|ij 

u’  ■  (ak)1(x4  t  Svnt>  '>-*  Sln1^) 


®  K,t  *  Ll”  l 


<§)  KIMj  =  Nj(*j  coalj  +  xj  svwi^) 

Tip  FiuaL» 

c”  ‘  icTJ  +  ©*®’-©t(D' ©*©*©*©♦  ©] 


Tbo  vai  ii'wa  woneii*  *j  r.*  that  .-tieiq-c  with  *in*: 
tilt  VA  uH«a  in  tai'ulai  Torn  b>  ihv  piofi  it.  A  ■•*  ilrt 
section  lift  turvo  r.-lcpe  C.  1*  al*»o  ui.ort  a  (umtioi. 

H 

of  gin#  tilt.  In  this  ■»>  ,  coniei  »pvtlnn  stall  f. 
Account od  for. 

COhTRO*.  TO  THlM 

A  l«mji tu'liitul  control  input  tff  u  il«»l  iv.-<1  j  . 


«,  "  ^iL  <.©*H*e 


lb  tin-  4ll;,i-  4l  .l  l-ll  I  I  •■  .!•»..  ■•  itl 


10  «T  ■  4,,  ♦  J,  »t«  4*  *■  co*  4< 


blade  i  lap  i;i.».i!.  fh«i  1  I.  |>  .  -a!  i-,  *„-l-l.--  •  h-  «  >. 

ponding  hi  ado  .  ljI-lm;li  1-ito-i.:i  fin-  t.  !  i.t  m,  1  1  u.  •  |-L>I 

equations.  I  *•  •  •  .jiJlC  n-infl  1 1-.  I  tic  - ,  -  i  >••-■».>:  *:  •  I.jii1iii. 

produced  pci  d'-^re.'  »1  fla,  <1.1  l*:  I  1  >»n .  .1  r ■  Jci  n  -il  >•. 
lnv«HU|iiit  in,;  t  l:.r  0.1  ,.l  ]  t  J  m-  liid.r,  1 .1  4  d;  'tk-'-1  <;>i  I  1  I  » 

L‘ i‘  1 U n-  of  nun'MiS  : ■  m t  l-i  rjjj>pll>;  luii^r.  Fils*,  t "■* - 
t-.U-AQy  thrust  cijuai  ■  ■•:  1  vsi  h>  doti-r  1  n ne-l: 


bulls  1 1  t  ut  J-It-  t.i.'  OS.  ■>![.«  f.»r  Mild  <*C  into  equation 

I-  :  .nil  ii  n„i  hi  4yt-.uth.niy,  •  Cfnc*f»tMilr.g  thi*.  tiie  ivei  • 
•it  thru  t  .!■  ■and  ll-\.  -t.i- utu  r*ay  !■%.  v-ipri-MBad  «f> 


uhvrr  oC,  *»>  aivii  In  tin-  liuh-nn-iu.i t  <!•-«. 1  - 


T  *ev  aTd  + 

Jo  J ^ o»  ^ 

1  Jjo-X. 

*T-  T  T-  *'  - 1  -  *.1*"  J.  *l  u 

.  1  a  «?"C  .  1  «J<c  r 

“  -  -rJ,x 

”  “y-4,  (l*k)-\**  b,  tAnJ$(i-k)x>u.  4  Xx 

•S  -t-Ss  <-•)-■]} 

lilt  ,:i  . •  I :.  -.  Oil;-  1  s|  l  t.i  III  i-n>itilial  rudluA,  aod 

,  .  .1.  .- J  H|.  t.  Cl  .  I  I  *  1«  III  lur.  >  I.  1  : 

vf  ■♦.|(4')--‘(¥i]‘Tf^,-r) 

,  ji-s*  j  ,-m  j-cj-H-v 

-UnJl|_-  ^  -  j-  JJ  "  j7 

>  1  * x il  >  l-x*  .l-i 


Hi--  iu'ijdynwiir  -i.tx-uI  about  the  blade  flapping 
liturfe  .nay  Lit-  i-n|i-.  i  s-iC«l  «-• . 


IS9 


«lM  /  4 »  iT 

€  ,  ,•  i  r  .  t  . 

•  K  A  |  ^  *•  <f2  X**-  **"  ♦  »kn*  4*  j 

*  L 

("V  “  X)  ♦  •♦  c  \v.«  4  ♦  >/x*  *\«*  ’♦’)(. ^  "  X} 

-^l^(x*  t!V*  »>-><1>«ax*  »n*>Xv-il 

-  i  An  J4  t  Z  f  t/*.1  »»n*  vX*-i) 

“  4.(V  •  !  V*  »*“  +  V1  »>-'i)(x  -i ) 

“^|T  j,  1  2  %;+.*•>,%*%■  tyuw1  nn*^(x-$  ) 

“^“^1.0  *K  /»*.*<.•  *4»  «>-■*  »vn*  41  .-o*  v)(X"  X) 

4A,t-n  vo»  4>  '/*  **"*  4* LO* ♦)(*  -  S ) 

♦  b,  ki«  |t2  V*  <*>  V*1  ',n*'4’)(*  ‘  Xj 

♦M*  «>*.  H^U'X)  -*,(x-l)  '%l'b)(*  vnf 

♦/«.  %vn*  ♦  bt(x-S)  ^l-K)^X^ofc  *)  V1-  *.  (l  *K^ 

(x-J)  *. lo«  <f  ♦  >4  *,  0*  k)(x  '  i}(x  i.o»*  y 
hb*1^ 

»/*  »"•*)♦  ^  *.0-K)(>-  •') 
«,(|-KXx-J)xxOI^. 

bX'-KX» -ix*^"*  <.  ■»‘",'t>)| 


Tha  atratly  anipnt  ciMUiuitu  n . u  1  »>i  W»  iilrn  *.eil,  ••  ■  -i  im<v 
rattan  •*lth  reaped  t«<  n«*»i-  dt*ncri->  1  »m.  I  .  .i.l.ti,-.  ;/>«•■.!.: 


2M 

t r* 


|(i44)*t{fs4)} 

sin  '  j\i  i  •  te  y, ' 

(-T“  f  ♦  ft  * C- ^  {'-3T-  "  ■* t*  -  S“)}] 

(t  -M^-sKv^-s1^} 

* *i  {V2-  •  *0- »-.)}]  -Zr  s. 0 -■•)>«- 

H-x?  t>-x,*i  ;.  5  5*1 

L“^  *s~r- yHs-T'iri 

nK  \3  i  «  j/ 

y*.(”3) 


Fl  i»p>  nqulH^p  Uti  l  In  ■  Mini*  '*  ni'uili'OtS  uf  rjuauDl 
■•••  oxti  •»:  t  vil  : 


(4^)  •T‘bVAI<)lR1*I*®«  xxxU-S)r2T_ ** 

'n*  ~  L  ’ 

t*”  '  J  T»X-  x(x-  S)  -i'Jj  t'  -1  J,»-  > 
Ax-Sj-f^j-.o-^tx-J) 

♦  b,  4«n  J*  0’^)  X<(X  *  t  .«oJA(l 

^*(*-*5)  +  ~ 

♦  ^  0-^-  i)  ♦  ™  *.  o-uX*  - 

'TuT  M-K)xCx.J)| 

ini  iii  j1.  i-i*  ll;  1  ;  ivlous  I'M'U-hti  >11  •  1 1  h  ro»pi'tt  l«j  tiou- 
•Ili.i-nyioiiA!  1  mJius  vi  -l>l..  he  Mu.  .  otipuOcnt : 

vr- )**. •[ 

a.,4')-,,.J,a.|^)]} 

T  ... 


UOtf) 


2 

5^ 


Ti  )}  ’ K 


- 5  LT2^} 

r^!-i(!T;)*^(:r‘‘,!c. ->..B 

_ s  ,  ,,  ,  5  \  1*_  1 1  <  x*> 

s  —  »'VMi;-o»r  It  7*  ^IT-  'T7  I 
•  c  v*-  c  /  ivK  vn  2 


(^) 


I!,  e--  <|| 

•  1  '!»••« 1  ■’  ■  ■•*-••  : 


1  *-x>  gkti' 


U'* 


j*  (.'  -^^(x  -  j)  ♦  *.  t«n  <f,  (I  -  k)  X* 

*  <1J|»> 

(l-k)-^.*.(l-k)n(»-S)  t  ^h(,-k)(x-  5) 
-^x.0-k)x(,-^ 


Till  i-ic-rf  C 1  uk  thi  picvloim  I'Xi-i  fcini.  wim  ro*poct  to  n<  •  n  - 
il|:.i  nsli  iul  r -id  1  uk  yl^Jdb: 
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?K1 

TT 


(t4 

♦?i'-*Kr34)}-37^-“> 

{[^‘-<^‘MK--!H}> 


Tli-  liiurtK 
fc,  i  kpri  -tv  I  l»v  : 


Ho1  *T[^  'v*  r — Jco*  + 

f  J,«— >J»\  .1 

■b'ls  i; 

(*'•*  4>ls<  I  I  in-  |-i:-lilnw  v-  i- 1  !  \  ,  a  i  -i  :  -In-. 
<*'Xclor*llon  l»  .  x(  i--  um-fj,  ;.iu-Iik  •*■  extra  isii  rtii  #  -»v 
fhat  mat  bo  lo-  luite-l  In  l hi-  n,ntni  ah  -ut  i  hi*  hln-lo  llj,-- 
In a  hin»;«*.  Tim*: 

AWT^  «  2s^  n.  I  (l  ♦  3*)  »in  \Jj 

01 :  -xt*1-  *1 

— ft"  ■  -r — (l  ♦  5J  *vnd» 
la'V  J  n. v  J  T 

Kqu.it  in,.  Hit:  ••  1  n  J/r..i..K  j:..'  mu  III  ■  .«■.< 

thr  flapping  iunt.e(  and  in-i-rp--*at  mu  Mi-  ( *>l  nt  r«  «h*- 

floiti-ins  «f  tiiu  ■•ff'scl  constants: 


>  lei. la  1  lie  bln-  co-i|- *1,011 1  : 


la 


0 < i) a(? -  )f  -  *.  {~ 

(|-|')L  j  *  *. 0-k)L-o-if}pj 

J.  {0  ■  k)  §•■ - s« )  *  £  (-  i rjjj.  *  W- 


-JT 


'  ^-L  *  '  lir  ' iu) 


Ob  1  MV  Ct  "J-  'il-'li  t  , 


(i'lH  t  *  *  i.  \  7  f 

LJ  ’  T  L]j  -  WW' N  • *•  {('-k)p+  T  ('-^L} 

-57-rt(.-k){(H-se)‘fVSf)}‘*.{f 

(  -*^1-— «  ai,|i-K)n 

* Itr  N  ‘  b* lo-kiPt^- o-k) 


G.  (I- J) 


The  t “i  on"! uk  ■  lint.*.. |  equations  or«  evaluated  by 
1  •..Mix  ini- ri.i-.-ii  pinti-iiuri-  a**  on  integral  part  of  fir 
tin  1  n'h*  4-..  TIh-j  nrv  uls-  bif  ai  jlely  evaluated  fur  arhit- 
•  .»••■>  xil'-i'  S  of  jM- i  "X..  »nJ  ho*.  ut  the  roftult*  ore 

pi  I  J».  r.t  1 -I  1.  KIk'II"'  41. 


C  » 


D- 


I  3  M  3 

-4  *4  3  I 


I -S' 

Z 


F  K  \  - 


l-  j-af 


s  5r 


ii  *il 

*  *  z 


In  6U> »  ii  y  ,  1 1>«  xliiiK  Irlrifflru,  prov.iilurv  c.io  be 

>m f  I  i  n«  J  i'- : 

a.  a  p.n  t  ic-ulo.  V",  jm  Initial  ultimate  oi  ~Y  *e 

11  -  -I .  n  -r  «  1 1  li  i-.ltu;  x  nlu<~  x.  I  q’.  The  dynamic 

in  1  •si..iiM'  <ql  l-  c.i !  •  o  I  ■  t  f.t  f-.r  tin  ^Iwn  wniniit,  nr  :oqulrcd 

lj'.  f.o.  t  lie  l-'iu  1  ,pi  1 1  it-*  ;u»-  xqvjfit  *onb.  Than,  , 

t:i>1  k  c#lf  I'Ui-'J,  :•»  -cil  on  CM  fr<m  Inc  equation. 


3  "  L  '  -i. 


I 

i 


5' 


V 


Tl-.  . .  i-.jii.it  t»n-.  nil-  entered,  ond  *1  oi.d  .« ■  ait* 

’-L 

OkliTk.lut-1,  Tl..-  "Y  1-  i-lju&tvd  i»y  tlio  o’,  aii<i  this 

loop  i«-pi’.it*.l  u:ii  1 1  in  -it lil  11  t-  irrauir.  The  avflieut 

v|UiM«n  lb  th-Mi  «■  *~«-<l  kitli  U.o  Ch  1 1  nj  1 1.  d  4^,  and  the  «hol« 

|  I  »l'i  In  lepi-atiil  -*Hn  the  Ur*  .1  until  C"  h  either  /-»  |'|i 
hi  th-  -in*.*!  f  1  «*a  value.  *  81 
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APPENDIX  E 

K-I6B  STABILITY  AND - 

_ CONTROL 


To  Mkur*  iPtUUi  iui  y  handling  ijuilltl**,  pilot*' 
opinions  that  At  *»  •UtlxtHd  r  »l|n|(li«nt  and  amsnxblw 
to  dtilfn  suit  ba  corr«lil*il  In  lerws  of  basic  dynslc 
(btrtrUrlutli  i  of  tb#  mitered.  One  wuch  lt«ia  (or  hover - 
1  ng  flight,  proposed  lit  1U30  In  R4t  Report  &  -90  (1).  la 
angular  mccelei atldn .  This  •  to  ba  a  reasonable 

criterion  because  angu  ar  mrceler  at  Una  of  the  aircraft 
produce  piopurtlonal  >  raoalat  i-'na  1  accalaratlitn*  ■!  tha 
pllnt’a  aaat  -  and  translational  act b lei  a t Ion  la  one  of 
tha  Important  1  taas  of  eeiisory  informal  1  used  by  tba 
pilot  In  (light .  Thla  proposal  tan  sugaweled  by  tha 
raaolla  Ol  helicopter  flight  testing  conducted  b>  tba 
M/tCA  (TN  2430.  19321(04).  and  rulnl  mtl  b>  I  ho  Ouraau  of 
Waval  weapon •  (A.li.Crl*.  193b)<«3). 

Angulai  acceleration  m  pi  oj*ort  lona  I  to  tha  tatao 
of  control  moment-of -Inertia.  It  we*  ah»tu  in  Ml'  Report 
G-90  that  (or  geomat r lea  1 ly  stallai  alii'eft.  moaunl  uf 
Inertia  la  proportional  tu  tL«*  >quaiu  ul  tl;e  groat  woiglil  . 
and  coniiul  aoMiil  proportional  to  the  wulghi  t*  >  the 

3/3  po*ar .  it  can  bo  deduced  that  angulai  at cu  lei  at  ton  la 
propoi  1  Iona  1  f  o  the  ratio  of  lunt-ol  moment  '.»»  the  aoaant 
of  loartla.  or  the  reciprocal  uf  l.n*  square-  root  uf  *ru»s 
weight .  The  ro»uKa  ol  thla  anolytU  (Ibid)  indicates 
that  fur  geoaet r ica  1  ly  similar  alrcra't  tlir  e.ignlei 
acceleration  Is  piopurtlonal  tu  the  rui,]roral  of  the 
square  root  uf  the  groan  weight .  and  (net  the  wet  tiler  a  l  tuna 
fait  at  tba  pllot'a  aeal  remain  conatanl  logarCleaa  of 
grow*  weight  because,  alec,  the  distance  tn  the  pllot'a 
aaat  la  proportional  tu  the  •huum  of  tiie  grow  anight. 

Thla  d**r‘nstrate*  that  angular  acceleration  la  one  good 
universal  parameter  for  control  cuapar » nun  of  geometric¬ 
ally  ilellar  aircraft. 

Of  course,  the  Initial  acco ler at  tone  produced  by 
control  inputs  are  no*,  the  only  criteria  deter  ml  nl  qg  good 
handling  qualities  of  n  hovering  and  low-ap«w<l  aircraft. 

The  baalc  damping  character  1st ica  of  the  configuration 
Itself  enter*  Into  the  determination  of  l 5 lot  opinion 
3almlrs  and  Tapacutt  have  amply  domonatrated  tills  (NACA 
TN  D-38)(Wfl)  They  prosented  boundaries  for  acceptable 
handling  qualities  In  terms  of  initial  angular  accelera¬ 
tion  per  inch  of  stick.  deflection  versus  the  angular  vel¬ 
ocity  oT  damping  derivatives  about  the  threw  »«*.  These 
boundaries  were  obtained  using  a  variable  stability  H-3 
bsliccpiet  ,  and  were  eatendwd  by  Tapscott  to  helicopters 
of  greater  weight  (IAS  paper  bt)-5l)f97). 

Rowever .  VIOL  aircraft,  having  wings  and  engines 
and  oacelles  outboard  <.  f  the  centerline.  ai«  geometrically 
quite  disalwllar  to  a  helicopter  like  m«  HO.  The  analy¬ 
sis  of  RAC  Report  C-W  showed  that  moments  of  inertia  are 
proportional  to  the  square  of  the  gross  weights  only  for 
geoaelr  leal  ly  similar  aircraft  This  same  <oncluMon  Is 
also  Implied  by  A'Harrah  and  Kwlstowskl  (IA'i  p.ipei  fil-62) 

<«R  )  Inasmuch  as  dissimilar  aiicraft  will  imve  dilfercnt 
values  of  the  speed  denvstlven.  To  spply  ihu  boundaries 
obtained  irom  the  variable  stability  ho 11 cop tor  to  VTOL 

•  Ir.-rifl  11  B>v  Ks  ».ir«  ji«»r  ■  v  I  <  ■  njf.j  I  h» 

boundaries  as  folios.: 


where  the  "V"  rofe  »  to  the  vrOL  and  me  “H"  t»»  the 
helicopter. 

Thi  i  *e»  done  for  the  K-lbH  mint  the  result**  are 
-.(•own  in  Figure  H9.  Tills  .Igure  l>  u  i  wprodu*  t  l>»n  of  l  h<* 
criteria  charts  in  T*pncnlt’a  lAh  Pspur  (f-7). 

Tho  loundurivi  •  hanged  •  on*  I  darubly  mupl  fur 
Ihu  rase  where  the  ratio  uf  gr-  .»  .wight  to  moment  of 
inertia  was  nearly  the  sumo  in  both  <*a»e*  -  in  pitch. 
Rufening  to  ib<*  rolling  mods  uf  figure  H9  ,  the  K-  16B 
exceeds  tho  control  sensitivity  required  for  acceptable 
rolling  control  for  an  acceptable  i»iui»l  damping  deriva¬ 
tive.  (In  the  K-16B  this  cun  be  readily  investigated 
because  rotor  control  svnwltlvlly  •  an  be  varied  in  flight 
and.  with  liability  augmentation,  the  damping  lirrltit  Ivi 
can  be  altered.  The  same  comment  applies  to  the  ul her  two 
modee).  According  to  T.ipnc  oil's  criteria,  the  natural 


charactei  letlCs  in  yaw  me  unacceptable  (Figure  99  ). 


figure  M9 

Handling  Wualtiit'v  lluuuJui  ui  from  epacull 


Although  laps* oil’s  work  reprwewnts  i  good  start 
in  determining  good  handllna  qualities  criteria,  more  needs 
to  be  done  to  broaden  thorn  to  v  'STOL  aircraft.  The  addition 
of  more  data  to  establish  reasonable  criteria  wan  a  i- la* 
purponu  of  tho  1-16P  program  and  explains  ine  degree  of 
flexibility  Incorporated  into  the  aircraft  aysteim. 

Tliv  choice  ol  da*|  lng  as  one  C f  the  criteria  was 

J  1  l'l  I'S  |  t  lS.  ISluiy  —  f  f  w\  t  l  :  s  pi  lo  1  "  «.  opinion  vf  ••ivyuii  l  •' 
alicralt  control .  Here  again  hoarier,  aorv  eulera  inlu 
iim  (Jeiermmat  lo»  *»l  ih**  air* raft  damping  characteristics 
than  the  angular  velocity  Osaplng  This  was  discussed  by 
A  ’  Nat  ■  ah  .  rill,  in  Its  paper  ol-62  (i;  N)  which  shows  that 
tho  stall*  stability  O.j  t  t  lvos  rlvi  enlei  into  tho  dutur- 
miiimIioii  nt  tl.r  uni  rail  damping  ratio,  as  wall  as  do  the 
-wpewd  ►  t  ab  1  1 1  •  >  Oi-rlvat  !>«••  .  The  <  hare*  ti  r  1st  lew  devel¬ 
oped  by  A'Hariati  give  a  good  1  jiJ  1  c  S  t  toil  ut  I  lit)  aircraft's 
•lamptny  •  l>ara*  tor  t>l  1* -.  which  cai.  ov  xesvuieO  in  flight, 
n-imoly  lliw  tl»«  10  lia  1 1  01  double  t  lie  amplitude  oi  the 
or-i  illation  If  I  h*  dcwplr.g  «  ns  r».  t  vr  J  s  l  ir  1.  are  specified 
in  tht«.  |oi».  satisfaction  wixi,  this  1  htn«  of  handli.ig 
qu.il  it  1m-.  will  In-  assiiran  littiluku  11  ilcalx  directly  with 
1  he  entire  airciatt  -  not  ju.t  on«  fa-tor.  The  criteria 
char  la  drvelopvd  by  A'Haiial;  arc  1  (-produced  in  Fitful  a  90 
upon  which  are  spotted  the  K-loO  characteristics 

Results  <  i'tatned  during  handling  qualities  flight 
tests  of  basically  instable  aucreft.  such  as  VTOL' w  and 
helicopters,  must  Oe  coii«*lal*d  l»>  terms  such  as  the  fore¬ 
going  to  eliminate  tha  effect  of  geometric  dissimilarities. 
The*  c  nai  actcrlatlrs  ul  the  K-16B  can  ha  ru  varied  that 
eufficient  flight  test  data  can  be  obtained  to  determine 
satisfactory  damping  and  control  sensitivities  boundaries. 

The  bounder, wo  eat ab  1  isb**fl  by  A'Harrah  eera  de- 
torainad  using  a  VTOL  simulator.  Pilots'  oplr. «ons  of 
simulation*  of  aircraft  cannot  be  expected  to  be  the  ease 
as  those  uf  the  aircraft  itself,  for  no  simulator  present* 


1 73 


APPENDIX  F 
K-loB  PERFORMANCE 


A  •uuaii  i  nf  the  irtr'rratni  •  uf  the  K  Hitt  l 
pi  ••  jiiLlO  111  Tvlill  VII  mu  t  h«  tu <-9|>>mi>  i  i-g  S V.'  i  Im  th. 
r  1LU1  «  91  .  Thu  p«i  li.raim.*  *««.  iiluilflvii  uxl"k  .'Muda.tl 

J1»I  1  aa  lit  •  malvalu  Mild  III*4  tin' a  tl.-M  l*ol'> 

the  t  'H'«c«U  ■>■«]•!  wli.J  tunntl  tent*  m(  inK)i  «(..■  tm.- 
full-acM.'i  l«kU  Ml  AHC.  Tin.'  Mnalyal.  M  *■.«»'  »  l  Ik*  |  i  oOui  I 
1*1  i<>>ig>i>nl<i  iff  the  §■*  .*|**i  1 1  i  v  j'jtur  |  i  ••  ■■  I  nd  ■  «■  I  l"l 

In  t  ill  b  I  •|-»l  V  . 

I  Jl  II  !■•(  u  1  HIM)  III  ■  flyll'ft  1(11.1  1  I  1  1  «•  ■  I  |  ■  I: 

pio*4'tii  tliu  mi 1 1- 1  cno  nh.’olO  Itevo  A  .i"  )*)■■  mIhj»mb  j*>i1<ia 
Mill  B  «lllMi>ll.l*  It  til  iiftploiu  Mil  ll'klHS  l  "i  *1:1.  Il  V  f  JL 
i>1imrt  ir|||Iii  Uv  cr|>»i  loti  to  |-»i  I  ui  *  Kwi  .  *illuil  ».t*. 
*x)u  tu  Bi'vig  bi|i  h  pur  for earn  «•  fui  Ilia;  X  Iv’i 

1-1  HllUll  111*1:1  i-l  Hi.  b-ll-h  I  I.  1  t  an  t 
full'd  i  ft  I  Hi  (I  *  )  Ml  IDl-  |.,ila.il  *1  ■«  .  o ! 

kijgil  10  lb  l.Ui  ,  *|iK).  1  to  u  li..f-|  In*,  .  .  J  I  !  .».  .1 

Tdf  iu«t.  Tin  *•  »•  e>jui\Miini  in  .»  inu  1 1  viitiviii  imiv 
<-J  .  i'lkl4.  *Mlh  •«  lf*4J  |  J  L-f  I.V|L'jtl4  1)1  X  IT  lll'l  Ml  I  "*t»l4 

i  1 1 1 1  evaluation  iii  vai  llml  t )  1  <hl  V«-i  1 1-  .■  i  •  I  l<*o  ,  «*i 
iuinjinic  with  l>.i-tiKii  <m*)iius  i*  >li-/»n  In  I  lft.  it  i  -i  i 

In  J  (l\||lit  Ml  at  llUl>  |  ml  I  l  ui  Imlli 

enk  '  "V  i-  the  (tie  Of  si*  Mil*  1  ■  b''Ud  f  |-«  j44  '  t  -»•  i  %  i  *  i 
■  <•11  in*  |n  Uti.OLll  llTt.  M  I- Up  Ml  IMti-il  I  In  tali4  ■>! 

•  41  InL  In  3at>u  ipM,  Mll.t  ttiv  -.vlvli-v  ■  i'  1 1 1  hi.  l.  1  J  .  00 0  ii-vt  . 


TAP'J  VII 

SuMary  u(  Pur  foi  ncr.c* 
(iUndiid  Condition*) 

N4<ift^t  Oi fulfill 

H» *  l *>4jm  Spied  ttfitri 
Sv* 

l0.b«>U  1 «g t 

IMUM  b-lM  Of  CtiMb  -  bl  ttfKPJ 
M-ftiAu*  P*ti  of  Cl  1*'.  -  SL  (NKPj 
V-ltliMl  KaU'  u!  CUmU  -  M 
S.OtvJii  twll*l»ll  ( 9K4' ) 

-*>i  i  v  i  *  1-  niii  M*  tPHP) 

H>|%  i*l  Litl  1 1  lift 

H  'liftt*  -  3l_  -  (7h'J#  luil' 

Si  ii*  1>4  Sng  I  ne 
Tu.4  bn*  1  <iw 


VjI'U 

31  l  nth 
3  IS  kte 

6ijoo  rrM 
da no  »ra 

4UU  f PH 

36  ,<'00  ft 
23.000  ft 
2 ,4UO  ft 

190  n  «1 
130  r.  mi 


{•iiiboiIi  i»  !)••  Iijm-i  in*  i  u>|i.  :i  *'P>  i.t  ■  Mj.h  fur 
twu  Tifi-C.LH  ong*:*ea.  ili4l>lii*  uii  !«•  m  * -*»r 1 1  win  d  nun> 
efficiently  t>y  4jp«*i  a i . :*s  on*  wdh i -u-  tu  miiail  yo»v< 

iMtl.il  than  both  •iitoii. w«>  ai  partial  , -.••■i  )<  tl.is  ;» 

Oo.io.  *1  l!i  iy  1  i.l  wlii'il  141.1  t  I  an*..4  I . 

apprOAlPMtely  200  n .  ctl>.*n. 

froa  M  hover  thr  k-lhp  1*  .aj-aL'i-  of  tr »  : 

to  m  apeed  uf  sO  knot*.  tin4  f  la,'-* -up  *lAllliift  .  In 

13  mm  condo  In  a  tote)  ill»ii:i-f  of  H30  led  (llkun-  yj  J. 
Thl m  calculated  r«»ult  ih.»umii  that  tin  fil»l  •ill  •  ui. 
tlnuMlly  till  thw  »lng  at  ll»  an  ifcur.  i  jli'  li.t  •!*•* 'Mr*  ) 
end  liiip  thi  hull  level  uMnii  lunat  t  mil  na  I  •.•■iti'.i! 
perhapa  M  aor#  i«iluiU  tr  a»>  1 1  Ion  •;>•  mat  |  fifuip.it  !•> 
m  pilot  during  the  nlauiitur  ‘•tuJu.  ol  th«  MH|  lent*.  lln» 
la  «lao  plotted  on  figuit*  -yj  .  In  tin*  «  a  .t  t  Iil*  pilot 
Initially  Hularsuj  nurv  •. lowly  t  j  "i.-fjin.ig"  tin.*  till 


S|-.-i  vi  III!  M««laun  Rjiiyi4 

sill  .  la  fc'.ginw  130  ktM 

T»u  lugl'-i4  140  kla 

ll.-fti'&.jr  fc.iaum'Ko  ^7  oO#  fuel) 

Si  na  lu  Liifttnc  1.95  lira 

T»  »  S..k»i:o  1.2  S  hr  a 

Sjiwod  fm  ||  ix  i  due  tiuluraiK* 

Mnftlc  k‘-Mtn*r  9J  k  t b 

Two  E  iftti.o  79  ku 

Hour  kiiJ-ii  mu4  fuel)  0.32  hi  * 

•  1 2  .  Ol)i'M  Crufts  keift'il  STOI  0|>.4  illi  on 

Plate  .Co  •*n*i  30  l«>>i  obstacle  314  ft 

(if ro  •  *OII  |  Ull*«)) 


V." r  1  i.  x  i  i  i 
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j  -t»  b«‘h 
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(•rows  ealghi  -  l'.Ml  i  t»e 


•  o.ndlnh  geai  wigtit  ri-at  >  n  t  )o n 


Average  Speed  -  knot* 
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BLOOMFIELD. CONNECT  I  CUT 


